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INTRODUCTION 


In Arbacia punctulata Rubenstein and Gerard (1934) using Warburg technique, 
found a Q,, of oxygen consumption for fertilized eggs of 1.8 between 13 and 30° C., 
whereas unfertilized eggs had a much higher value, viz., 4.1. These remarkable find- 
ings were principally confirmed by Korr (1937), who extended the experiments 
(Warburg technique) and discussed the results from biochemical and physiological 
points of view. 

On the other hand Tyler and Humason (1937), working on Strongylocentrotus 
purpuratus (Warburg technique), found no significant difference in respiration Q,, 
between fertilized and unfertilized eggs in the temperature range 5-22° C. So, for 
example, the Q,, values for 10-20° C. were 2.3 and 2.6 respectively. Similar results 
were reported for Dendraster, Ciona and Urechis. 

In earlier investigations (Warburg technique) by Ephrussi (1933) on Para- 
centrotus lividus the same Q,, of oxygen uptake was found between 14.9 and 22.4° 
for unfertilized eggs and gastrulae, viz.. ~ 2-2.5. At lower temperatures there was 
a tendency to slightly higher Q,, values in the eggs. Loeb and Wasteneys (1911) 
using Winkler technique reported very low values ior unfertilized Arbacia eggs 
(Q,o ~ 1.3 between 5 and 25° C.), but normal values for fertilized eggs (Q,. ~ 
2-2.5 for the range 3—25° C.). 

In view of the probable significance of temperature coefficients of respiration for 
elucidating the different oxidative mechanisms of fertilized and of unfertilized sea- 
urchin eggs, it was thought of importance to investigate the matter in another species. 
Recently Borei (1948a) studied the respiration of eggs of Psammechinus miliaris 
before and after fertilization. Because of the facts already known about this species, 
it was chosen for the present investigation. 
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EXPERIMENTAL DATA 


The experiments have been performed with Cartesian diver micro-respiration technique, 
suitable for measurement of the oxygen consumption of ~ 100 eggs at a time. Concerning 
material and methods, corresponding chapters (2.1-2.3; 3.111; 3.114) in Borei (1948a) should 
be consulted. Diver charge type I (Borei, 1948b) was used throughout. 

The temperature range was 10-21° C. The maximum temperature for. normal larval 
development of Psammechinus miliaris has been studied by S. Runnstrém (1927), who found 
it to be 22° C.; the minimum temperature was found by this author to be 8° C. For measure- 
ments at lower temperatures, the cooling coil of the diver apparatus thermostat was fed with 
refrigerated salt-water of approximately +5° C. The desired temperature was obtained by 
counteracting the cooling device by operating a thermostatically controlled electric heating bulb. 


In order to obtain more comparable values, measurements were only performed 
on the flatter part of the declining respiration curve of the unfertilized egg (cf. 
Borei, 1948a, Chapter 3.112.1). Thus the time of actual measurement usually ran 
from three to six hours after removal from the ovary. This means that the con- 
stant part of the respiration is dominant during the measurements, whereas the “rap- 
idly declining” part characterizes the preceding 2.5-3 hours, during which the eggs 
“were kept at 16-18° C. The eggs were, on an average, placed in the diver 2.5 hours 
after removal from the ovary. The diver was then immediately placed in the thermo- 
stat at the experimental temperature and left there for a half hour for temperature 
equilibration before starting the measurements. Usually two diver thermostats were 
operated simultaneously, thus allowing measurements at two different tempera- 
tures. The time schedule of the experiments may be seen from Figure 1. 
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Figure 1. Average time schedule of experiments. 


An actual experiment with measurements at 10° C. and a control experiment at 18° C. is 
assumed in the figure. 


After completed diver measurements, the cells were washed out of the divers 
with sea-water, re-counted and then microscopically observed as to condition and 
fertilizability. Only those experiments were accepted in which the cells passed 
these post-diver measurement controls satisfactorily. 
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Previous authors have stated their results in rates of oxygen consumption per 
volume of cell matter. Great pains were taken by them to estimate the volume ac- 
curately. Probably the most correct way will be that adopted by Korr (1937) : 
egg volume obtained by multiplying the number of eggs by the average egg volume. 
Technical difficulties were met, however, in estimating the exact number of eggs. 
In the present investigation neither the counting of the eggs nor the measurement 
of the average size of the eggs will give any difficulties. In view of these facts 
and of the great variability of the cell diameter, it has been thought more advisable, 
even in this investigation, to state the rate of oxygen uptake on a cell volume basis. 
This procedure also permits of direct comparison with the results of the previous 
authors. 

In order to obtain a measure of the cell volume, the cell diameter was estimated of a number 
of eggs (> 20) from every female used, by means of a calibrated ocular micrometer (cf. Borei, 
1948a, Chapter 3.114). 


TABLE | 


Oxygen consumption at different temperatures of unfertilized Psammechinus miliaris eggs 

Volume of oxygen, measured at 0° C. and 760 mm. Hg, consumed per volume of cell matter 
and hour. All measurements are on egg material from S-form animals, except those marked *, 
which are on material of the Z-form. 


i || 
Temperature Oxygen | | Temperature Oxygen 
(°C) consumption | (°C) | consumption 


eqsqummynasunie a | oo een 
| 


0.024 | 0.080 

10 0.053 0.082 

| 0.084 
0.099 
0.107* 
0.132 
0.151* 
0.160 
0.086 
0.089 
0.140 
0.145 
0.173 

0.188 





0.065 
0.111 
0.116 
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The oxygen consumption figures obtained are referred to 0° C. and 760 mm. 
Hg, in order to render them intercomparable, irrespective of the actual temperature 
of measurement. Corrections are introduced according to Figure 2 of Borei 
(1948a) for deviations from the time schedule of the above Figure 1. 

The results of the experiments are given in Table I. 


The average cell volume, calculated from the separate figures used for the evaluations in 
Table I, is 5.89 10° wl. per egg (n=44). (Corresponding value given by Borei, 1948a, 
= 5.84 10°.) The average oxygen consumption rate at 18° C. was found in the experiments 
(n= 10) to be 0.51 x 10% ul. per cell and hour. (Corresponding value given by Borei, 1948a, 
= 0.53 x 10%.) 


DISCUSSION 


Rubenstein and Gerard (1934) expressed their results according to the van’t 
Hoff-Arrhenius equation and thought that the critical thermal increments (,) 
might indicate the nature of the oxidative processes of the unfertilized and fertilized 
egg. This view was criticized by Korr (1937), who stressed that biological scatter- 
ing and the narrow temperature limits within which respiration can be measured 
make the graphical evaluation of u-values uncertain. Moreover, biological processes 
are governed by enzyme reactions. Such reactions have repeatedly been found not 
to give constant thermal increments. 
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Figure 2. Oxygen consumption at different temperatures of unfertilized Psammechinus 
miliaris eggs. 

Each dot is the mean value for the temperature in question. Diameter of dot indicates 
number of experiments. A standard curve according to Krogh (1914) is drawn in, passing 


through the value of 18° C. 
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The mass plot, recommended by Korr (1937), is difficult to interpret owing to 
the extent of the biological scattering. The mean of the values at each temperature 
gives a better representation. Figure 2 is plotted in this manner. 

The figure shows that the standard curve of Krogh (1914) describes the ob- 
tained results quite well. This curve was originally obtained in basal metabolism 
experiments and found to be valid for a number of vertebrates. It was recently 
extended by Zeuthen (1947) to hold even for the respiration of a number of minute, 
chiefly marine invertebrate organisms. Thus Krogh’s standard curve better de- 
scribes the response in respiration on increase of temperature than does the van’t 
Hoff-Arrhenius equation. 


Formula (1) 


For the temperature range of the present investigation the curve indicates that the relative 
temperature increment is very closely proportional to the relative increment in respiration. 
Thus it may be expressed by (R,/R,) (t./t,) = const., where R, and R, are the rates of respira- 
tion at the temperatures t, and t.. The constant is dependent on the chosen difference between 
t, and t.. For t,—t,=2° C.,, it is=0.93. 


In Figure 3 the results of this and previous investigations are given on a rela- 
tive scale. The curve according to Formula (1) represents the material of this 
investigation. With this curve coincide the values of Tyler and Humason (1937) 
on the respiration of Strongylocentrotus eggs. On the other hand the results 
with Arbacia differ markedly from those on Psammechinus or Strongylocentrotus. 

The temperature characteristics of the unfertilized sea-urchin egg thus represent 
two distinct classes: (1) the Arbacia type with high Q,, values, and (2) the 
Strongylocentrotus-Psammechinus type with Q,, values in close concordance with 
the standard curve of Krogh. 

The temperature coefficients of the fertilized Psammechinus egg differ in no 
way from those found by previous authors for fertilized eggs of other sea-urchin 
species. Thus in the range 12-20° C, a Q,, ~ 2-2.5 was found. 

A comparison of the Q,, values found in different investigations further stresses 
that there are two classes in respect to temperature characteristics of respiration of 
the unfertilized eggs (see Table II). Strongylocentrotus and Psammechinus have 
for both fertilized and unfertilized eggs a Q,, value at room temperature of approxi- 
mately 2.5. The fertilized Arbacia egg shows the same value, but the value of the 
unfertilized egg is higher. The unfertilized egg of Paracentrotus has, at lower 
temperatures, a tendency in the same direction as the Arbacia egg. 


Apparently Q, as in most biological processes is higher at lower temperatures. The results 
of Tyler and Humason (1937) and of Korr (1937) seem, however, to contradict this conclusion, 
but the aberrations are probably to be attributed to experimental circumstances. (Lucké and 
co-workers, 1931, found that the Q,. of the permeability of the Arbacia egg to water increased 
with temperature.) 


In the sea-urchin egg the rate of respiration is increased greatly by fertilization. 
This higher respiration is suppressed by cyanide, CO and other poisons of cyto- 
chrome oxidase. The oxidase in operation is an iron porphyrin, but probably not 
fully identical with the usual cytochrome oxidase. The respiration of the unferti- 
lized egg was found by Runnstrom (1930) and Korr (1937) to be comparatively 
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Figure 3. Comparison between different authors’ results concerning temperature depend- 
ency of oxygen consumption in unfertilized sea-urchin eggs. 

Rates of oxygen consumption given on a relative scale, putting the values at 18° C. alike. 
The curve for Korr’s results is recalculated from this author’s Figure 8. 


slightly affected by said oxidase poisons. Both oxidase and dehydrogenases can 
be brought to work as effectively in the unfertilized egg as in the fertilized one. 
This permits the conclusion that neither the oxidase nor the dehydrogenases are the 
limiting factors in the respiration of the unfertilized egg (Runnstrém, 1935, 1942; 
cf., however, Ballentine, 1940). Runnstrom. thinks that the difference in respira- 
tion rate between unfertilized and fertilized eggs is caused in the unfertilized egg 
by a lack in substrate saturation of the oxidase. Korr interprets the difference as 
being dependent on a factor in the oxidase part of the carrier chain, inactive or held 
apart in the unfertilized egg, but put into operation on fertilization. He thinks 
that this link might be cytochrome c and furthermore that the unfertilized egg re- 
spires over an autoxidizable, non-ferrous carrier. For a fuller review see Need- 


ham (1942) and Borei (1948a). 
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TABLE II 


Qro values of oxygen consumption of sea-urchin eggs 


Loeb and Wasteneys 
(1911) 
t 


Rubenstein and Gerard 
(1934) 


Korr (1937) 
- 


Ephrussi (1933) 
* 


| (Arbacia punctulata 


5-25° C. Qw=1.31)§ 


| 
} 


Arbacia punctulata 


| 13-30° Cc. Qw= 4.1 


|—_—_—_—_——- 


Arbacia punctulata 


13-23° C. Qi = 3.7 
18-28 4.5 





Paracentrotus lividus 


10.4-22.4° C, 
12.9-22.4 
14.9-22.4 
16.75-22.4 


Quo = 3.85 
3.28 
2.18 
1.88 





Tyler (1936) 
- 


Tyler and Humason 
(1937) 


+ 


This investigation 
+ 
+ 


t Winkler technique. ° 
* Warburg experiments. 


Strongylocentrotus purpuratus 


(25th-26th hour after fert.) 


Strongylocentrotus purpuratus 


7.5-17° C. 
8 -18 
10 -20 
12 -22 
5 -20 


Qw= 2.67 
2.58 
2.63 
2.54 
2.35 

Psammechinus miliaris 

10-12°C. Qyw=3.52 
12-14 3.07 
14-16 2.81 | 
16-18 2.58 
18-20 2.40 
20-22 2.29 

t Diver technique. 

§ Only a single experiment. 


a mbarrrinisttenm 


Fertilized eggs 
Arbacia punctulata 
(round Ist mitosis) 

3-27° C. Qw~2-2.5 
Arbacia punctulata 
(up to 5 hours after fert.?) 
13-30° C.. Qw=1.8 
Arbacia punctulata 
(up to 5 hours after fert.?) 
13-23°C. Qyw=2.2, 2.8 
18-28 2.5, 3.1 
Paracentrotus lividus 
(gastrulae) 
10.4-22.4°C. Qy=2.36 
12.9-22.4 2.57 
14.9-22.4 2.32 
16.75-22.4 1.88 


(round ist mitosis) 
7.5-20° C. Qyw=2.54 
10 -20 2.30 
15 -20 1.85 


15 -20°C. Qw=1.88 


Strongylocentrotus purpuratus 


(a few hours after fert. ) 
7.5-17° CC. Qiyw=2.79 
8 -18 2.69 

10 -—20 2.26 

12 -22 2.33 

-20 2.62 

Psammechinus miliaris 

(a few hours after fert.) 
12-20° C. Qiy~2-2.5 
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Recent investigations on Arbacia eggs (Robbie, 1946) show that the respira- 
tion of the unfertilized egg can also be completely abolished by cyanide. A cyanide- 
stable respiration, catalyzed by formed CN-compounds, develops, however, after the 
initial inhibition. These findings confirm Lindahl’s (1939, 1940 and 1941) re- 
sults, and are in full concordance with his opinion that the cyanide-resistant respira- 
tion develops under the influence of the cyanide and that it has nothing to do with 
normal respiration. Robbie’s findings show that the respiration of the unfertilized 
egg must proceed over iron porphyrins in the same manner as does that of the fer- 
tilized egg. Runnstrém (1930) had previously expressed the same opinion. 

Robbie’s results show conclusively that the respiration is of principally the same 
type both before and after fertilization. Thus it is understandable that temperature 
characteristics of respiration are found, as in the Psammechinus and Strongylocen- 
trotus cases, that are the same before and after fertilization. On the other hand it 
is harder to understand how Q,, can differ so widely before and after fertilization 
as it does in Arbacia. It may be that the respiratory system operating in the un- 
fertilized Arbacia egg is somehow unlike that of the just mentioned species. Any 
fundamental respiration pattern differences between the two classes of unfertilized 
sea-urchin eggs have, however, not been found. 

Ballentine (1940) thinks that the oxidation in the sea-urchin egg of dimethyl-p- 
phenylenediamine requires cytochrome c as a mediator to the echinoderm oxidase. 
If so, cytochrome c must already be available and ready to function in the unferti- 
lized egg, since Runnstrém (1932) and Orstrém (1932) found that dimethyl-p- 
phenylenediamine was oxidized at the same rate in unfertilized and fertilized eggs. 
Borei and Renvall (1949) could, however, not find that cytochrome c is essential 
for the cellular oxidation of dimethyl-p-phenylenediamine. Furthermore, hydro- 
quinone, which can be oxidized by cytochrome oxidase (Keilin and Hartree, 1938) 
or echinoderm oxidase (Krahl and co-workers, 1941 ; Borei, 1945, Chapter IV: Cl) 
only in the presence of a suitable mediator, has been shown by Runnstrom (1932) 
to be utilized in the unfertilized egg at a lower rate than in the fertilized one. This 
fact could possibly be taken as an indication that the carrier oxidized by the echino- 
derm oxidase has a lower concentration (or is less active or accessible) in the un- 
fertilized egg than in the fertilized. 

Many authors have doubted the existence of cytochrome c in the egg, as it has 
never been possible to find the cytochrome bands (cf. Krahl and co-workers, 1941). 
Thus Korr (1939), who originally (1937) thought that cytochrome c was released 
at fertilization, and Ballentine (1940) suppose that some other link, situated nearer 
the substrate, is put into operation at fertilization. It is, however, not unlikely that 
cytochrome c may have a sufficient carrier capacity in the sea-urchin egg, and yet not 
have a concentration high enough to permit spectroscopic detection. It may be 
pointed out (a) that the sea-urchin egg has a comparatively low Qpo,, and (b) that 
cytochrome c is far more catalytically effective when attached to the proper intra- 
cellular protein particles than when working in solution. It may also be that an- 
other carrier has the same function in respect to echinoderm oxidase as has cyto- 
chrome c to cytochrome oxidase. (Concerning the differences between echinoderm 
oxidase and cytochrome oxidase, cf. Borei, 1945, and Krahl and co-workers, 1941). 

The surplus in respiration induced by fertilization is either merely an addition to 
the respiration of the unfertilized egg, or caused by the fact that the induced respira- 
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tion might compete with and depress the latter. The smooth increase in post- 
fertilization respiration from the level of the unfertilized egg in Asterias speaks in 
favor of the addition possibility (cf. Borei, 1948a and Borei and Lybing, 1949), 
provided the respiratory mechanisms in eggs of starfishes and sea-urchins may be 
freely compared. The facts concerning temperature characteristics of oxygen con- 
sumption rates revealed in Arbacia, do not in themselves distinguish between the 
two possibilities, nor do any facts gained in this investigation concerning. Psam- 
mechinus material. Concerning the declining pre-fertilization respiration see, how- 
ever, Borei (1949), where it is shown that this respiration part does not influence 
post-fertilization respiration. 


Parallels have been drawn between the respiration of the unfertilized sea-urchin egg and 
the diapause egg of the grasshopper. In respect to temperature characteristics, the grasshopper 
diapause egg has a very low Qj,» in comparison with that of the active stages (Bodine and 
Evans, 1932), which is in contrast to the state in the sea-urchin egg. Too much stress may 
thus not be laid on such comparisons. 


SUMMARY 


With Cartesian diver micro-respiration technique the temperature characteristics 
of the respiration of Psammechinus miliaris eggs were investigated : 


1. Between 10 and 21° C, the gradual rise in oxygen consumption rate of the 
unfertilized egg is best represented by Krogh’s standard curve. Q,, at 18° C. is 
around 2.5, at 10° C. around 3.5. 

2. Fertilized eggs have the same temperature characteristics as unfertilized 
ones. 

3. In respect to temperature characteristics just before and just after fertili- 
zation, two classes are distinguishable among the sea-urchins: The Strongylocen- 
trotus-Psammechinus group with equal Q,, values before and after fertilization, 
and the Arbacia group with higher Q,, values before fertilization. 

4. The significance of temperature characteristics for the biochemical processes 
involved in respiration of eggs before and after fertilization is discussed. 


The authors wish to express their deep gratitude to the Kristineberg Zoological Station of 
the Royal Swedish Academy of Science for laboratory facilities and for the great pains taken 
by the station Staff in supplying materials. 
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INDEPENDENCE OF POST-FERTILIZATION RESPIRATION IN 
THE SEA-URCHIN EGG FROM THE LEVEL OF RESPIRA- 
TION BEFORE FERTILIZATION 


HANS BOREI 


Wenner-Gren’s Institute for Experimental Biology, University of Stockholm 


INTRODUCTION 


The unfertilized sea-urchin egg just removed from the ovary respires at an 
oxygen consumption rate comparable with that of the newly fertilized egg (Borei, 
1948a). After a few hours the respiration gradually drops, however, to a low, 
fairly constant level. This level represents the low respiration value of the unfer- 
tilized sea-urchin egg previously recorded in the literature. From this level there is 
a sudden jump at fertilization to the respiration rate of the newly fertilized egg. 
In Psammechinus the rate of the latter is usually three to four times that of the un- 
fertilized egg at the constant level. For further details see Borei (1948a). 

Now the question arises whether the increase in respiration after fertilization is 
merely an addition to the pre-fertilization respiration, or whether it competes with 
the existing respiration, eventually suppressing it completely. 

In view of the concept (Runnstrom, 1930, Robbie, 1946) that the oxidase sys- 
tem in operation in the egg is the same before and after fertilization, and if parallels 
to events in the Asterias egg are considered (Borei and Lybing, 1949), the addi- 
tion possibility is not unlikely. The difficulties arising in trying to interpret in this 
manner results from cyanide-inhibition experiments on fertilized eggs (Korr, 1937) 
could be avoided if Lindahl’s (1940) findings are taken into account. He states 
that the cyanide-stable respiration arises under the influence of the inhibitor, and 
his view is strongly supported by Robbie’s (1946) experiments. 

On the other hand, Ballentine’s (1940) concept that at fertilization a link in the 
dehydrogenase part of the oxidative chain is introduced, thus inducing an aug- 
mented respiration, offers a possibility that post-fertilization respitation, compet- 
ing with that of pre-fertilization, may successfully suppress the latter, in spite of the 
fact (Robbie, 1946) that the same oxidase system is in operation both before and 
after fertilization. Korr, who first (1937) favored the view that cytochrome c is 
the link put into operation at fertilization, later (1939) abandons this and also turns 
to a concept that new ultimate substrate is released from precursors. 

Runnstrém’s (1930, 1932 and 1935) view that the oxidase is unsaturated with 
its substrate in the unfertilized egg, is equally consistent with both possibilities. 

Borei and Lybing (1949) find that results from experiments on the temperature 
characteristics of sea-urchin eggs before and after fertilization can not decide be- 
tween the two possibilities. It was stated by them that all facts at present known 
about sea-urchin egg respiration still leave the question open: It is just as possible 
to assume a simple addition as to believe in a competition. 

It was thought that measurements of. post-fertilization respiration in such ex- 
periments, where the eggs were fertilized at times corresponding to different points 
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on the decreasing respiration curve of the unfertilized egg, would help to elucidate 
the matter. If the rate of oxygen consumption before fertilization influenced the 
respiration of the fertilized egg, the addition possibility would have to be strongly 
considered. If not, one would be inclined to think that post-fertilization respiration 
is, as a whole, different from that before fertilization. 

For a fuller discussion of previous literature on the biochemical aspects con- 
cerning sea-urchin egg respiration changes at fertilization, see Borei and Lybing 
(1949). 


MATERIAL AND METHODS 


The egg respiration of Psammechinus miliaris has recently (Borei, 1948a, Borei and 
Lybing, 1949) been studied in some detail. This species (phenotype S) was therefore chosen 
also in this investigation. For particulars concerning the material see Borei (1948a), Chapters 
2.1, 3.111 and 3.21. 

In order to make measurements possible on several lots of eggs taken from the same 
female and fertilized at subsequent times from the moment of removal from the ovary, one must 
use a method on the #l. scale. Thus Cartesian diver micro-respiration technique was employed. 
Concerning technical points see Borei (1948a), Chapters 2.2 and 2.3. Diver charge Type I 
(Borei, 1948b) was used throughout. 

All experiments were performed at 18° C. After completed diver measurements, the cells 
were taken out of the divers and observed’ as to condition and fertilizability. The only experi- 
ments accepted were those in which these controls turned out satisfactorily. 

In the actual runs, the procedure was as follows: Eggs were removed from the ovary, a 
lot was immediately fertilized, then a diver was charged with unfertilized eggs and these were 
brought to measurement as rapidly as possible. (The first respiration values could thus be 
obtained ~ 20 mins. after egg removal from ovary.) This control diver was then continuously 
followed during all subsequent measurements on fertilized eggs from the same animal. From 
the first fertilized lot a diver was now charged. Subsequently new lots were fertilized and 
corresponding divers charged. In the experiments with fertilized eggs, the respiration rate at 
120 minutes after fertilization, where the exponentially increasing respiration curve is still rather 
flat (see Borei, 1948a, Figure 3), was estimated and used for comparison. For unfertilized 
eggs a number of about 100, and for fertilized about 50, were found to be most suitable for 
charging the divers, which were of approximately 7 ul. capacity. 


RESULTS AND INTERPRETATIONS 


The results from experiments on eggs from three females are represented in 
Figure 1. 

It is obvious that respiration after fertilization reaches exactly the same level, 
irrespective of the height of the prevailing respiration at the moment of fertilization. 
[It is of no importance whether the fertilization sets in at a very early moment, when 
the egg has just been removed from the ovary and accordingly respires at a very 
high rate, or whether it is effected a very long time after the removal, when the egg 
has alrady reached a fairly constant, low-rate respiration. In both cases the post- 
fertilization respiration will be the same. 


In this connection it must be pointed out that the respiration of the fertilized egg in this 
investigation has been followed until more than nine hours after removal of the eggs from the 
ovary. This is considerably longer than in the cases reported by Borei (1948a), where the 
measurements were discontinued after about six hours. In no case, however, has there been 
observed any rise in the respiration rate at the end of the experiments, as might. have been 
expected in consideration of the early findings of Warburg (1914) and Runnstrém (1928). 
Goldforb (referred to in Gerard and Rubenstein, 1934) found that the increase begins about 
five hours after shedding, and Tyler and Humason (1937) report a steady increase over the 
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whole measurement period. Runnstrém (1928) thinks that the increase is an indication of the 
“aging” of the egg (cf., however, Borei, 1948a, Chapter 3.113, who finds that over-ripe eggs 
have lower respiration than ripe ones and still lower than under-ripe ones). Tyler, Ricci and 
Horowitz (1938) found that the increase is avoided if the experiments are carried out under 
sterile conditions. It must be stated that all previous investigators have worked with Warburg 
technique. It might be that the dense packing of the eggs and the shaking conditions in this 
procedure support the growth of bacteria, whereas the Cartesian diver technique is more favor- 
able in this respect. However, in this investigation no particular measures have been taken 
against bacterial contamination. 


FERTILIZED 


UNFERTILIZED 
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Ficure 1. Oxygen consumption of unfertilized eggs and of fertilized eggs, fertilized at 
different times after the eggs’ removal from the ovary. Psammechinus miliaris. 

Each dot represents the respiration rate at 120 mins. after fertilization and is marked at 
the time of fertilization. ©, @ and © stand for the three females used. Temperature 18° C. 
Oxygen consumption rate of unfertilized eggs at 230 mins. after removal from ovary: O = 0.50, 
@=0.58 and ©= 0.47 x 10° ul./cell and hour (mean value found by Borei 1948a = 0.53); 
mean value of rates of fertilized eggs: O = 1.85, @ = 1.78 and © = 1.79 x 10° ul./embryo and 
hour (Borei, 1948a = 1.84). For the respiration of fertilized eggs, the best fit according to 
the method of least squares is indicated by a dotted line. 


Borei (1948a, Chapter 3.21) compares the quotient between respiration after 
fertilization and that before, and finds that the values from different sea-urchin 
species vary considerably, and moreover that for one and the same species, greatly 
differing values are reported. So for example for Arbacia punctulata quotients 
from 2.6 to 5.3 have been given. For Psammechinus the values 3.6 and 5.7 are 
recorded. On the other hand, if the conditions of measurement are well defined 
as to time from fertilization and from removal from ovary respectively, the quotient 
will become fairly constant, as the results of Borei (1948a, Chapters 3.112.2 and 
3.21) show. Considering the possible influence of values of pre-fertilization res- 
piration on the quotient, obtained at different points on the declining egg respiration 
curve, Borei (1948a) thinks that quotient values given in the literature are of minor 
importance for quantitative considerations concerning respiration changes at fertili- 
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zation, but merely show that the oxygen consumption of the unfertilized egg some 
few hours after its removal from the ovary is considerably lower than that of the fer- 
tilized egg some few hours after fertilization. The present investigation supports 
this concept thoroughly. If the quotients from the experiments in Figure 1 are re- 
corded (Table I), it is clearly seen that the quotient value will become smaller and 
smaller the closer the time of fertilization lies to that of egg removal. It would 
rather seem that values < 1.0 could be obtained in the earliest experiments, i.e. 
that the respiration of the just removed egg is actually higher than that of the 
fertilized egg during the first hours of development (cf. Borei, 1948a). 


TABLE | 
Quotients between oxygen consumption rate 120 mins. after fertilization and oxygen consumption rate 
of unfertilized eggs at the moment of fertilization. Psammechinus miliaris 


Same experiments and denotations as in Figure 1. Value given by Borei (1948a) for 230 
mins. after egg removal from ovary = 3.6. In quotients marked * respiration values of un- 
fertilized eggs are obtained graphically from extrapolated curves. 
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It would appear from the presented data, as the value of the pre-fertilization 
respiration rate seems to be of no importance for the oxygen consumption rate after 
fertilization, either that pre-fertilization respiration constitutes no integral part of 
the respiration after fertilization, or that fertilization brings about a release from 
inhibiting factors active on respiration in the unfertilized egg. As the oxidase sys- 
tem is probably the same both before and after fertilization (Runnstrom, 1930, Rob- 
bie, 1946; see also Introduction of the present paper), it is reasonable to suppose 
that changes occur at fertilization in those parts of the system which are situated be- 
tween the oxidase and the dehydrogenases. The dehydrogenases themselves, how- 
ever, are not likely to be affected. (Dimethyl-p-phenylenediamine experiments by 
Runnstrém, 1930 and 1932, Orstrém, 1932, Borei and Renvall, 1949 ; hydroquinone, 
Runnstrom, 1930; pyocyanine, Runnstrém, 1935 ; methylene blue, Runnstrom, 1930 ; 
cf., however, Ballentine, 1940, who claims that the dehydrogenases are not capable 
of maximum activity in the unfertilized egg.) (Cf. Korr, 1939: “release of sub- 
strate from precursors.”’ ) 

From experiments on the respiratory quotient of pre- and post-fertilization 
respiration in the sea-urchin egg, it appears very probable that different substrates 
are utilized before and after fertilization. These changes in RQ upon fertilization, , 
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which support the view that post-fertilization respiration competes with that of 
pre-fertilization, eventually suppressing it more or less completely, are seen from 
Table IT. 

It must, however, be kept in mind that a constant respiration part is assumed for 
the unfertilized egg (Borei, 1948a, Chapter 3.112.1) as well as a decreasing part. 
The above-presented data do not indicate whether even the constant respiration part 
is abolished at fertilization. It is still an open question whether this part of pre- 
fertilization respiration survives fertilization or not. 


TABLE II 


RQ of sea-urchin egg respiration before and after fertilization 


Time in relation to fertilization RQ Species Author 


Before* 1-1,2 Borei (1934) 


0-30 mins. after 0.84 Laser and Rothschild (1939) 


30-40 mins. after 0.78 Psammechinus Borei (1934) 
40-50 mins. after 0.64 


35-50 mins. after 0.66 Laser and Rothschild (1939) 


1-2 hr. after 0.73 Ohman (1940) 
7-8 hr. after 0.85 Paracentrotus 


2-cell stage-hatching 0.8 Ephrussi (1933) 


* Ashbel (1930) finds the value 1.06 before fertilization (Arbacia). 


SUMMARY 


Using Cartesian diver micro-respiration technique, it was found that in 
Psammechinus miliaris the rate of respiration of the newly fertilized egg is inde- 
pendent of the rate of respiration of the unfertilized egg at the moment of 
fertilization. 

The quotient (respiration after fertilization) /(respiration before fertilization) 
was found to decrease considerably(probably even to values < 1.0) if the time 
interval between egg removal from the ovary and fertilization was diminished. If 
the decreasing part of pre-fertilization respiration is given time to disappear before 
fertilization, the quotient lies between 3 and 4. 

It is thought possible that the decreasing respiration part of the unfertilized 
egg is abolished upon fertilization, due to probable changes in the function of mem- 
bers of the oxidizing system, situated between the oxidase and the dehydrogenases. 
It cannot be decided from the experiments whether the constant respiration part of 
the unfertilized egg still participates in the respiration of the fertilized egg or not. 


The author is much indebted to the Kristineberg Zoological Station of the Royal Swedish 
Academy of Science for working conditions and for great courtesy on the part of the Station 
Staff. 
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STUDIES ON THE THERMAL DEATH OF HYALELLA AZTECA 
SAUSSURE * 


EUGENE CLEVELAND BOVEE 


lowa State Teachers College? and the lowa Lakeside Laboratory 


INTRODUCTION 


Much work has been done in the past half century concerning the effects of tem- 
perature on the survival of organisms. However, little has been done in that 
respect with the Crustacea, particularly the fresh water forms. 

A study was made from June 16, 1947, to August 15, 1947, concerning the 
effects of temperature on the survival and death rates of the amphipod Hyalella 
azteca Saussure (Hyalella knickerbockeri Bate, Hyalella dentata Smith). This 
amphipod is abundant in the waters of Little Miller’s Bay in West Okoboji Lake, 
Dickinson County, Iowa, at the site of the Iowa Lakeside Laboratory, where the 
investigation was conducted. 


HIstToricAL SURVEY 


Geisler (1944) suggests that rate of development in Hyalella azteca is directly 


related to the temperature, but does not record the effects of higher temperatures. 
For marine copepods and decapods, Huntsman and Sparks (1924) report heat 
death at temperatures between 22° and 33° C. when the animals were exposed to 
temperatures rising at the average rate of 0.2° C. per minute. Brown (1928) re- 
ported a temperature characteristic, », of 187,000 calories from 35° to 41° C. for 
thermal death in Daphnia magna. 


MATERIALS AND METHODS 


Numerous Hyalella were secured daily by placing fresh masses of -the green 
alga, Cladophora fracta, in which they feed, in a pail of lake water. Amphipods 
which came to the surface of the water were transferred to a stock tank of fresh 
lake water at 20° to 22° C. by means of a tea strainer. This lake water was par- 
tially changed daily and replaced weekly, and was used in all experiments. The 
temperature of the tank water was about the same as that of the natural water where 
the animals were taken. 

The water baths used in the experiments were five-gallon containers heated 
electrically and controlled manually to + 0.2° C. 


1 Undertaken in partial fulfillment of the degree of Master of Science at the State Univer- 
sity of Iowa. The author wishes to express his gratitude for helpful criticism of the initial 
and final drafts of the paper on the part of Dr. Theodore Louis Jahn of the University of Cali- 
fornia, Los Angeles, formerly of the University of Iowa, and Dr. Robert L. King of the 
University of Iowa, at whose suggestion the problem was begun. 

2 On leave of absence for research and study at the University of California, Los Angeles. 
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In short exposures several hundred Hyalella were dipped from the stock tank 
with a tea strainer, over which a muslin square was then fastened and held taut with 
a rubber band. The strainer was immersed and oscillated in the water bath for the 
desired period. Then the Hyalella and the strainer were transferred quickly to 
enamelled basins of fresh lake water at 20° to 22° C. 

In exposures longer than thirty seconds small tin cans with tops and bottoms 
removed were employed. Muslin squares fastened over the open ends kept the 
amphipods confined, but exposed to the water. A number of these tins were placed 
in the water bath and removed as desired. 

The water bath was stirred between short exposures, and during exposures 
longer than thirty seconds was continually aerated with compressed air. The tins 
containing the Hyalella were placed on a wire platform as near the center of the 
water bath as possible, and at least six inches away from the source of heat. 

Exposed animals were allowed to remain in recovery basins four or more hours 
before counting. Counting was usually done six to eight hours after exposure. 
Check counts showed that injured animals which were alive four hours after ex- 
posure were always dead after sixteen hours. Therefore, injured animals were 
counted as dead. Control animals remained alive, except for rare exceptions, after 
twenty-four hours in the basins. 

Water from each basin was individually strained through muslin to collect the 
the amphipods for counting. The muslin was spread flat on a moist, concrete 
slab for counting under a sixty-watt electric bulb. Because of negative tropism 
to light (Phipps, 1915), the living amphipods crawled toward fhe periphery. 
A few cubic centimeters of water dropped at the center of the muslin hastened the 
outward movement. After thus separating the living and dead, the living were 
counted first. Those evidencing injury or feebleness when stimulated with water 
or the points of a pair of tweezers were counted as dead. 

Mature specimens were separated into two groups; so also were immature speci- 
mens. Those longer than 7 mm. were considered very large adults ; those from 344 
to 7 mm. as large adults; those from 2% to 3 mm. as medium-sized adolescents ; 
and those still less as small and juvenile (Geisler, 1944). A separate count was 
taken according to sexes for each of the adult groups on the basis of salient char- 
acteristics (Geisler, 1944) as seen through a dissecting scope. 

Time intervals were determined with a watch calibrated in fifths of a second. 


EXPERIMENTAL RESULTS 
Survival in constant temperature baths 


Constant temperatures used included one degree intervals C. from 38° to 50°. 
Tests were also run at 36.5°, 35° and 33°. 

Thermal death times and temperatures here shown are those at which fifty 
percent of the organisms survived. 

At 50°, less than one second was sufficient time to cause thermal death. At 
lower temperatures the time increased gradually so that at 40° an exposure of 75 
seconds was needed. Below 40° the increase in time required to kill was very 
sharp, so that at 33° more than eleven hours (39,600 seconds) was necessary 
(Table 1). 
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Size and survival in constant temperature baths 


Age and size are directly correlated in Hyalella; the larger the animal, the older 
it is (Geisler, 1944). Large adults showed the greatest resistance, usually higher 
than the average figure for the total of all simultaneously exposed. Very large 
adults varied in their resistance, but their rate of survival usually approached the 
average. Medium adolescents showed still less resistance ; and small juveniles were 
least resistant (Table 1). 


TABLE 1 
Heat death for Hyalella azteca in constant temperature baths 





Per cent survivors 


Total Very Large Medium Small 


= a=: adults adolescents juveniles 


50.8 52.1 62.5 45.6 43.3 
51.2 64.8 59.4 47.5 44.4 
50.3 48.7 51.8 52.0 47.6 
50.8 58.3 57.2 48.2 46.6 
49.3 31.7 51.9 54.3 471 
47.1 52.2 65.4 36.3 43.6 
55.0 40.1 56.2 56.7 49.4 
49.5 58.5 63.6 43.0 43.3 
49.9 52.8 56. 49.1 37.9 
47.6 33.6 ' | She 46.1 
49.6 49.9 d 47.6 46.8 
135 49.3 49.3 58. 44.6 48.4 
240 48.9 49.2 * 45.0 46.9 
1,800 49.9 44.8 : 51.1 53.6 
6,300 51.8 50.2 n | 46.1 46.8 
39,600 53.7 51.2 é | S85 48.2 

















Sex and survival in constant temperature baths 


No valid evidence was found to indicate that sex affects resistance to heat in 
constant temperature baths. For all adult specimens, male survivors outnumbered 
females in sixteen out of thirty-two cases. 


Survival in rising temperature baths 


Using the same equipment as that employed for the constant temperature baths, 
Hyalella were exposed to four average rates of temperature rise, beginning at 
20° to 22° C. Rates of rise were: 0.375° per minute; 0.261° per minute; 0.150° 
per minute; and 0.036° per minute. At lower temperatures the rate of rise per 
degree C. was more rapid than at higher temperatures. The rates of rise are here 
expressed as average rates, in order to make them comparable to those of other in- 
vestigators who previously encountered the same difficulty (Huntsman and Sparks, 
1924). Within the rates of rise investigated, thermal death did not occur below 
39° C. and always was found above 41° C. (Table 2). 
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TABLE 2 
Heat death in Hyalella azteca in rising temperature baths 


| 


Rate* of rise 
in degrees C. 
per minute 
from 20° to 22° 
as a base 


Total 
animals 


exposed 


Degrees 


os 4— 


Total 
animals 


Per cent survivors 


| 
| Large 
| adults adolescents 


Medium Small 
juveniles 





0.375 37.0 178 d | 888 | 74.1 
38.0 212 a | | 778 | 758 | 75.0 
390 | 189 «| 8 | ao | 27. | 762 
40.0 201 51.7 | : 50.0 | Si8 
41.0 170 54.8 | 
42.0) 
to | #200@ 

45.0) | 
ail a hasanagibe 
37.0 462 
38.0 470 
39.0 456 
40.0 534 
41.0 | 340 
42.0) 
to } #400@ 
45.0) 
0.150 37.0 
38.0 
39.0 
40.0 








0.036 
37.0 
38.0 
39.0 194 
40.0 

4350@ 
45.0 





* Average rate of rise. 
# Approximate number at each degree of temperature within the bracketed limits; no accu- 


rate count taken since all were dead. 


Sige and resistance to-rising temperatures 


Very large adults demonstrated the highest resistance in rising temperature 


baths, except at the slowest rate of rise. Large adults, medium adolescents, and 
small juveniles showed, respectively, less resistance (Table 2). 


Sex and resistance to rising temperatures 


No evidence was found that sex causes any variance in resistance to rising tem- 
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peratures. Male adult survivors in some trials outnumbered females, and vice 
versa, but never in significant numbers. 


Adjustment to rising temperatures of water 


A temporary adjustment to rising temperatures was noted. For example, or- 
ganisms plunged into and continuously exposed to a pre-heated constant tempera- 
ture bath at 38° C. reached thermal death in four minutes. Within the rates of 
rise investigated, thermal death was not found to occur at 38°, 87.8 per cent 
still surviving at that temperature at the fastest rate of rise, and 65.9 per cent 
surviving at the slowest rate of rise (Table 2). 


Temperature coefficients for thermal death 


Adaptations of the v’ant Hoff-Arrhenius equation are often used to express the 
rate of progress in biological reactions, although it is possible that such character- 
istics are more clescriptive than analytically accurate. 

Computation and comparison of Q,, for a number of temperature ranges within 
the full range investigated revealed that although death occurs more quickly at 
higher temperatures, the rate at which the lethal effect progresses decreases as the 
temperature increases. The decrease in Q,, was very marked for intervals below 
40° C. Above that temperature there was a sharp break in the deceleration of 
the rate of progress and the Q,, variance was not so great (Table 3). 


TABLE 3 


Temperature characteristics for Hyalella asteca for 
thermal death in constant temperature baths 


Temperature intervals 
in degrees C. Qu 


33.0-35.0 9,768.00 
35.0-40.0 7,056.00 
38.0-43.0 100.00 
40.0-45.0 28.91 
43.0-48.0 11.75 
45.0-50.0 196.00* 


* Apparent divergence may be due to experimental inaccuracies. 


SUMMARY 


1, Thermal death occurs in Hyalella azteca at constant temperatures from 33° 
to 50° C. The time required to produce thermal death varies from more than 
eleven hours (39,600 seconds) at 33°, to less than one second at 50° C. 

2. Comparison of Q,, values for narrow ranges within the broad range of tem- 
peratures investigated indicates a marked decrease of Q,, values at higher tempera- 
tures in spite of a more rapid lethal effect. 

3. Thermal death occurred in rising temperatures, the slower the rate of rise, 
the lower the killing temperature, being not below 39° nor above 41° for the rates 
of rise investigated. 
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4. A temporary adjustment was found to occur to rising temperatures, delaying 
thermal death at a given temperature for some time past the period necessary to kill 
on immersion in the constant temperature bath at the given temperature. 

5. Resistance to the effects of heat appears to be directly related to the size 
and age of the animal, the older and larger the animal the greater the resistance, ex- 
cept for the largest animals (which might have reached a state of senility). 

6. Resistance to the effects of heat does not appear to be related to sex in 
Hyalella azteca. 
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REGENERATION IN AN EARTHWORM, EISENIA FOETIDA 
(SAVIGNY) 1826. I. ANTERIOR REGENERATION 


G. E. GATES 
Colby College, Waterville, Maine 


These contributions present the results of an attempt to obtain for one particu- 
lar species of earthworm complete characterization of regenerative capacity with 
reference to exact levels. In this part anterior regeneration, by. posterior substrates 
only, is considered. 


SUMMARY OF PREVIOUS WorRK 


Information available as to the morphological nature and segmental constitu- 
tion of anterior regenerates on posterior substrates is summarized, with certain 
reservations, in Table I. 

In earlier work on E. foetida, as well as other species of earthworms, determina- 
tion of morphological nature of regenerates seemed unnecessary. Later, Michel 
(1898, p. 283), recalling Bonnet’s heteromorphic tails in aquatic Oligochaeta, 
suggested that two of his own anterior regenerates, as well as some of those of 
Joest and Rievel, were caudal. Although anterior heteromorphosis was definitely 
confirmed by Morgan (1899) no attempt was made then or since to clarify the 
situation, and in particular to determine the limits of homomorphic head and 
heteromorphic tail regeneration. 

The consequent uncertainty as to morphological nature of regenerates at a con- 
siderable number of levels and even as to the levels (because of postregeneration 
estimation), as well as absence of data for numbers of levels and paucity at other 
levels, indicated the advisability of a systematic investigation of regeneration at 
each level from % posteriorly. 


MATERIALS AND METHODS 


Material was first secured from a heap of decaying leaves, later from manure 
heaps. Worms were kept in moist filter paper or paper towelling until the gut 
was cleared. Individuals with any indication of damage by collecting, disease, ab- 
normality, homoeosis or previous regeneration were rigorously rejected, and only 
those which were clitellate, or which had been clitellate when brought into the labora- 
tory, were used. Animals were kept throughout at ordinary room temperature, 
which in winter probably was never above 68° F. 

Anaesthesia was brought about in 0.2 per cent chloretone. Transections were 
made under a dissecting binocular microscope exactly across the animal on an inter- 
segmental furrow. 

After operation worms were placed in water until recovery from anaesthetic and 
were then transferred to filter paper, paper towelling, or cheesecloth. On several 
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TABLE | 


Anterior regeneration in Eisenia foetida 
Regenerate | | 


Cephalic 


Page 


Comments | Author Date 
Number of segments 


| 
| 


| 


——— ee ee eee 


| 
| 


Morgan 


Morgan 
Michel 


Morgan 
Hescheler 
Michel 


See note (b) Morgan 
Hescheler 
Michel 

| See notes (c) (d) Morgan 


Hescheler 
Morgan 


Hescheler 


See note (e) Michel 
Morgan 














Michel 
Morgan 





Morgan 





Morgan 
Carpenter 
Morgan 


Michel 





U =“‘2 (or three very imper- 
fect)” Morgan 





Morgan | 1895} 451-6 

U:S=indistinct Michel 1898) 263 
% Dimon 1904) 350 

Morgan ([|1895) 456 





Morgan /|1895) 456 














Morgan /|1895) 451 
Dimon 1904; 350 




















REGENERATION IN AN EARTHWORM 


TABLE I|—Continued 
Regenerate 


Comments Author Page 
| Number of segments ° 


* Uncertain 


5 7|? 


a —|-- 


| 22 


| 
| 


92-8-0% 
?= “possibly a new tail”’ Morgan 


to 

ual 
-_- © 
~y 


11 Dimon 
3-4 S, “‘not regenerated 
(mouth present)"’ 
(See note (f)) Morgan 


92-8-0% Dimon 








| 79-15-6% 





U=“4 or 5S” 
See note (g) Dimon 
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TABLE I|—Continued 
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Number of segments 
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LsS 5 Michel |1898} 263 
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L12-7S | 98 Morgan |1897| 575-6 





Notes To TABLE | 


(a) “Attempts made to cut off 1 and 2 segments’’ (Morgan, 1895, p. 449). As a result of 
confusion re numbering of containers there was but one case in which it was thought “‘one segment 
must have been cut off” and that specimen could have been a posterior homoeotic. 

(b) The last two specimens in Morgan’s Table IV were homoeotic and are here excluded. 
The three specimens next above are assumed to have been normal. (Homoeotics are excluded 
here, as well as from author's operations, to obviate possibility of complications resulting from a 
previous regeneration and because gradients cannot be expected to be the same as in normal 
specimens. ) 

(c) Amputations, apparently as a result of operating without anaesthesia, were often diagonal 
(Morgan, 1895, p. 457, also Korschelt), or if transverse then at an intra- rather than intersegmental 
level. In each case a portion of a segment is treated as if a whole segment, i.e. if 10} or 10} seg- 
ments were removed from the anterior end, the level of regeneration is still considered to be 10/11. 
In favor of this convention is Morgan’s conclusion, after study of deliberately made very diagonal 
cuts, that simultaneous completion of missing parts of segments did not interfere with replacement 
of those metameres that had been completely amputated (1895, p. 457). 

(d) EL estimated level. Level of amputation in many operations was estimated after re- 
generation and from one of the following landmarks (Morgan, 1895, pp. 450 and 452): (1) Position 
of vasa deferentia, i.e. location of male pores. Subject to variation of six segmental levels 
(Morgan, 1895, p. 403). (2) Location of seminal receptacles, apparently thought to be three 
pairs. Eisenia foetida has only two pairs of spermathecae but four pairs of seminal vesicles. 
These landmarks are doubtful. [If three pairs of spermathecae were present another species was 
involved, possibly Dendrobaena octaedra (Savigny) 1826 or Allolobophora chlorotica (Savigny) 
1826, both of which are found in compost heaps and apparently have been confused with foetida.] 
(3) Location of clitellum. That may begin on any of segments xxiv—xxvii and end on xxxi—xxxiv, 
a variation of three to four levels. Pre-clitellar amputation was variously listed as at 20/21, 
25/26, and postclitellar as at 25/26, 30/31, 35/36. (4) and (5) The middle and the end of the 
body, the former regarded as at 50/51 and the latter as the hundredth segment. Number of 
segments varies from 67-125. 

Actual variations, when recognizable, were: for (3) of seven segmental levels, i.e. 19/20-26/27 
and 31/32-38/39, for (4) and (5) to about 20 levels, 41/42-64/65, etc. 

Postregeneration determination of level of amputation would probably render unlikely 
detection of reorganization of substrate segments. Such reorganization, in some species, could 
affect the determination by one to three segmental levels. 

In certain of Morgan's cases it is not clear whether levels mentioned were determined or 
estimated. 

(e) Number of segments of other regenerates at this level “‘trés variable.” 

(f) The regenerate segments were “‘very irregular." The characterization 


‘not regenerated 
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occasions when the supply of cloth had been exhausted, worms were kept in large 
crystallizing dishes in water just sufficient to cover the bottom and keep the animals 
moist. Although E. foetida appeared to do as well in water, in cool weather, as in 
moist cloth, the method is not recommended, for in later work several long series of 
operated animals were completely lost over night. To prevent accumulation of 
metabolic wastes, water or paper was changed (or cloth washed) daily, except on 
Sunday when the museum was closed. 

Specimens were killed so as to insure uniform contraction and were then pre- 
served in formalin. 

The experiments were carried out mainly during a sabbatical leave in the States 
in 1926-27. Shortly before Japan entered the war, a summary of the results ob- 
tained was prepared and sent home from Burma. Original records, as well as 
specimens, were lost in the sack of Rangoon. 

The author’s thanks are extended to Prof. G. H. Parker for provision of labora- 
tory facilities at Harvard University during the academic year 1926-27, to Prof. H. 
W. Rand for similar facilities in the U. S. Fish Commission building at Woods Hole 
during the summer of 1927, to Dr. Esther Carpenter for care of operated animals 
while the author was ill. 


NOMENCLATURE 


In one and the same article, an author once used “posterior end” to refer to: a 
posterior regenerate regardless of size ; an anterior regenerate (heteromorphic) ; the 
anal region of an adult worm; and long posterior portions of varying lengths up to 


a half or more of adult size. Similarly “anterior end” has had various meanings, in- 
cluding even that of tail (heteromorphic). Most confusing, however, has been a 
failure to distinguish adequately in discussions between the regeneration taking place 
at a single surface of amputation and that taking place at exactly the same level when 
there are two cut surfaces. In an attempt to avoid further complications, an effort 
has been made to restrict terms and phrases consistently to the meanings given 
herewith. 





(mouth present)’’ may refer to an anally sculptured cicatrix. Such sculpturing may be pre- 
liminary to growth of a tail regenerate. 

(g) Results of all operations behind 18/19 were lumped together. Mention was, however, 
made of three “‘B’’ heads at 19/20 which have also been listed above at that level. 

(h) No data as to number of segments in 1897 regenerates (Morgan, pp. 573-574) and no 
clues to warrant guesses as to nature of regenerates. 

(i) Results of 30 operations (Morgan, 1902, pp. 578-579) omitted because of uncertainty: 
(1) as to level of operation, said to have been “‘just behind the girdle (about the 25th segment),”’ 
i.e. either at 25/26 or 34/35; (2) as to nature of substrate, i.e. whether posterior or a two-surfaced 
fragment. Three months after operation, four specimens having died, the container had 36 speci- 
mens which were not examined forautotomy. Nevertheless, presence of one distinct new head and 
14 doubtful regenerates, of which ‘probably more were heads than tails’’ may be of considerable 
importance. 

Presence of extra worms in containers may have another explanation than autotomy. Just 
hatched juveniles are exceedingly difficult to find in either manure or soil. In absence of steriliza- 
tion of the manure used for culture medium, there was time, during the months allowed for 
regeneration, for young to attain adult size. In this connection a belief that regenerates became 
indistinguishable from substrates is perhaps important (Morgan, 1895, p. 424). 

# Regenerates referred to this class by Dimon were not characterized in any way. * Some 
“doubtful” regenerates of other authors are also included here. Others, that appear also to be 
doubtful, have been included in part. 
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In place of regenerant and regenerate, which are easily confused, substrate and regenerate 
are used respectively, to designate the portion of the original worm on which the new growth 
is formed and the new growth thus formed at the cut surface. This is in continuation of pre- 
vious practice (Gates, 1941). 

Posterior substrate refers to any posterior portion of the body; regardless of size, extending 
forward from the anal region to a single anterior cut surface. 

Healing after amputation may be cicatricial or enteroparietal. In the first, a cicatrix is 
formed across the cut surface, while in the second, cut edges of gut and body wall apparently 
heal together without definitely recognizable cicatricial tissue. 

A regenerate with no externally recognizable differentiation is a bud (indeterminate). As 
indications of buccal or anal sculpturing become recognizable, further characterization as cephalic 
or caudal is possible. With appearance of metameric differentiation the regenerate is a head 
or a tail. 

A considerable degree of deviation from normal structure may be possible in a regenerate 
without affecting its caudal or cephalic nature. Such variant regenerates are abnormal. A 
regenerate without cephalic or caudal characteristics, or with a mixture of cephalic and caudal 
characteristics, or with bifurcations, is a monstrosity. A growth without indication of caudal or 
cephalic nature is an indeterminate monstrosity. 

A metamerically normal regenerate may be equimeric, hypermeric, or hypomeric, depending 
on whether it has the same number of segments, more than, or fewer than the excised portion. 

Heteromorphosis indicates a more or less normal structure in a reversed or abnormal direc- 
tion. A head at a posterior amputation and a tail at an anterior amputation is heteromorphic. 
Homomorphic distinguishes the head or tail in normal position or direction. 

Levels are designated in two ways, by reference to the segments, as xxvi, and to the fur- 
rows bounding the segment as 25/26 and 26/27. The Roman numeral in lower case means the 
twenty-sixth segment beginning with the buccal as i; the prostomium of the Oligochaeta is not 
counted as a segment. The fractions refer to the intersegmental furrow at the anterior and 
posterior margin of segment xxvi, and make possible, with shorthand brevity, exact designation 
of level. Indication of level of amputation merely by reference to the segment, as “at the 
twenty-sixth segment,” may be inadequate unless the context indicates which of the two possible 
levels, anterior or posterior, is involved. EL befcre the fraction means estimated level, the 
estimate usually that of the original author, otherwise made in accordance with his custom so 
far as is possible. 

The anal region of the body forward to the first complete intersegmental furrow is not 
regarded as an ordinary metamere but for purposes of segmental enumeration is taken as one 
segment (see Gates, 1948). Posterior substrates of unknown location with reference to the 
antero-posterior axis are characterized by a designation such as L14S, in that case meaning 
the last fourteen segments. 

Homoeosis, as ordinarily used in connection with earthworms, means: presence of an organ 
or pair of organs, or a series of organs, in a segment or series of segments, other than that, or 
those, in which usually or normally found. It refers primarily to individual variation within a 
species ; secondarily, to phylogenetic variation, for a species or a genus may be homoeotic with 
reference to other species in the genus, or other genera in the family. In case of individual 
homoeosis, the dislocation may involve one or both organs of a pair in a segment. The former 
is asymmetrical homoeosis, the latter symmetrical. 


SUMMARY OF RESULTS 


Healing at cuts in an anterior portion of the body was cicatricial, the cicatrix a 
low, flat-surfaced, circular disc without recognizable sculpturing. In some speci- 
mens no further development was recognizable. In others the cicatricial disc gradu- 
ally was protruded as a small, rather conical bud at first apparently unmarked by 
any sculpturing. In several cases the growth of the bud was inhibited at that stage. 
In the remainder the distal portion became sculptured to indicate a prostomium 
and mouth. Intersegmental furrows, setae, and finally pigment usually became 
recognizable in that order. ‘ 
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Regenerates always remained distinguishable from substrates by differences in 
pigmentation, segment size, setal intervals, etc. 

Several months’ starvation resulted in reduction of size of substrates but no 
macroscopically recognizable reorganization was noted, either externally of inter- 
nally, behind the level of amputation. 

Reproductive organs were not found, in regenerate or (as result of reorganiza- 
tion) in substrate. 


A. After a single cut 


All substrates with cut surfaces at levels from 8/9 anteriorly, with one ex- 
ception, regenerated. At each level behind 8/9 one or more of the substrates did 
not survive operation long enough to regenerate or else failed to regenerate if 
surviving. Highest percentages of failure to regenerate were in the region around 
25/26. Further posteriorly, survival was better and percentages of successful re- 
generation higher. Results just mentioned were, however, minimal, as inhibited 
buds, rare monstrosities (indeterminate) and certain conditions to be considered 
later on were recorded as failures (to produce a more-or less normal head or tail). 

Head regenerates were obtained at levels 1/2-23/24 only. Equimeric heads were 
obtained at levels 1/2-8/9 inclusive. Three regenerates at 4/5 were hypermeric 
(+1). All head regenerates at levels 9/10-23/24 were hypomeric, the maximum 
number of segments obtained being six. In a later series of operations, E43, of 
three head regenerates at 8/9, one had five, another had six, and a third had nine and 
a half segments, the half segment wedge-shaped and on the right side (+ 1%4). 


Heteromorphic tail regenerates were obtained, once each at levels 20/21 and 
23/24, and from 24/25 to 54/55. The largest number of setigerous segments 
differentiated in such heteromorphic tails was 25 at 40/41, the evidence available in- 
dicating increase in number of segments posteriorly to 40/41 and then a decrease. 

At levels behind 54/55 no regeneration whatever, including even buds and 
monstrosities, was obtained though numbers of substrates were under observation 
three to four months. 


B. After a previous regeneration 


In attempts to test for the effects of previous regeneration on anterior regenera- 
tion, several series of operations were made of which the following are mentioned. 

In series E41 posterior portions were removed at 34/35 and 35/36 and the 
substrates (anterior) were allowed to regenerate for twenty-three days. At that 
time the anterior eight segments were removed and discarded. Of the surviving 
substrates (8/9-34/35 or 35/36+ a tail regenerate), four regenerated heads 
anteriorly. Three were hypomeric with six segments each, and one was hyper- 
meric with nine segments (+ 1). 

In series E58 the last ten segments were removed from specimens having one 
hundred or more segments. At the end of twenty-two days’ regeneration, an- 
terior portions were removed so as to leave ten or fifteen segments of the original 
substrates along with the tail regenerates. One of these small substrates had al- 
ready produced a bud at the anterior cut surface by the seventh day, at which time 
circumstances compelled termination of the experiment. Anterior regeneration in 
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this series, would, if completed, have taken place at levels behind 7 5/76, while normal 
posterior substrates, unconditioned by a previous regeneration, failed to regenerate 
at levels behind 54/55. 

In series E49 the posterior portion of the body was removed at 70/71. The 
anterior substrates were allowed to regenerate posteriorly for eighty days. At that 
time the tail regenerates were removed at the level of regeneration. One such tail 
regenerate, then acting as substrate, produced in twenty-seven days, at the an- 
terior cut surface (level 70/71 with reference to location on axis of original worm), a 
heteromorphic tail, unpigmented but with six setigerous segments and a small anal 
region without indication of production of further segments. Final substrates in 
this series were 7 to 10 mm. long and of 30-41 setigerous segments. 


C. After starvation 


To test for the effect of starvation, the following experiment was run (see also 
series E49 above for regeneration after 80 days’ starvation). From worms that 
had been starved for seventy days or longer, the anterior five or six segments were 
removed. Each surviving substrate regenerated a hypomeric head (— 1 to — 3) 
with metameric differentiation complete and normal. 


DISCUSSION 


A first step towards obtaining a complete characterization of regenerative ca- 
pacity in E. foetida is determination of the morphological nature of the regenerate 
produced anteriorly, at each intersegmental level along the axis, by posterior sub- 
strates, as well as the number of segments in such regenerates. The latter, often 
neglected in the past apparently as of little importance, is of some interest with re- 
gard to morphogenesis in the Lumbricidae. 

Hypermery in head regenerates has now been recorded for the first time in E. 
foetida, and at two different levels, one of which, 8/9, is fairly well back. Hescheler 
(1896, p. 93) once secured a regenerate with more segments than had been removed 
but in a series of successive regenerations by a single individual, the worm even then 
still hypomeric by two segments (removal of 64% segments, regeneration of 5%; 
removal of 4, regeneration of 2; removal of 2, regeneration of 3). One hitherto un- 
noticed case of hypermery in the Lumbricidae has been found—regeneration of four 
segments after removal of three by a specimen from which the nerve cord had 
been removed from the next two metameres behind the level of amputation (species 
unidentified, Goldfarb, 1909, p. 703, Table 4, No. 1.41). 

Hypermeric regenerates are of especial interest in connection with the problem 
of the origin of posterior homoeosis. In E. foetida posterior homoeosis of one 
segment only has been recorded and now in regenerates hypermery of one segment 
only. As all cases of symmetrical homoeosis in the species can now be considered 
to have resulted from hypomeric or hypermeric regeneration, postulation of some 
unknown embryonic cause is no longer necessary. 

The new data as to segment number in homomorphic anterior regenerates pro- 
vides confirmation of the cephalic nature of Michel’s and Hescheler’s regenerates of 
seven segments and of Morgan’s regenerate of “7 or 8” segments, all of which seem 
to have been overlooked hitherto. | 
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Presence in a head regenerate of nine segments may indicate a possibility of 
equimeric regeneration back to 9/10 but is of especial interest in connection with 
the problem of the constitution of the “head.” In the Oligochaeta homomorphic 
anterior regeneration is generally thought to be restricted to replacement of the 
“head.” The latter, in the Lumbricidae, has been thought to comprise five seg- 
ments only. Six, seven, and eight (?)-segment head regenerates obtained by 
Michel and Morgan in E£. foetida (Table I), and a six-segment regenerate at 9/10, 
as well as a seven-segment regenerate at 12/13 in Allolobophora terrestris 
(Hescheler, 1896), should have been taken into consideration in this connection. 
Carpenter’s (1948) regenerates of six segments (Table I), and the author’s of six 
to nine, show that regeneration of heads with more than five segments is not ex- 
ceptionally rare. Smaller numbers in previous work may have been due to less 
favorable conditions.’ 

The maximum number of segments now recorded for head regenerates in the 
family Lumbricidae is nine. With the exception of one pair of seminal vesicles and 
of spermathecae, both of which develop in connection with septum 9/10, reproduc- 
tive organs in the Lumbricidae are in the region from x posteriorly. All of the evi- 
dence available still indicates that Lumbricids regenerate anteriorly only a prego- 
nadal portion of the body. Regeneration, after amputation of the gonadal region, 
accordingly, is not sufficiently “complete” to enable an individual to reproduce. 
Although this has often been thought to be characteristic of earthworms generally, 
at present it appears to be applicable only to the Lumbricidae. In those representa- 
tives of other families that have been studied, regeneration of the gonadal region not 
only is possible but even usual (see Janda, 1926, for the Glossoscolecid Criodrilus 
lacuum, and Gates, 1941, for the Megascolecid Perionyx excavatus). The pattern of 
regenerative capacity, even with regard to this one matter, accordingly, is not uni- 
form throughout the earthworms. 

Such data as are now available with regard to segment number, and in particu- 
lar “7 or 8” segments in a head regenerate at EL 30/31 (Table 1), do not appear 
to support current ideas as to decline in number of head segments regenerated as 
level of amputation recedes posteriorly (Hyman, 1940, p. 519) and gradient of head 
regeneration (Liebmann, 1943, p. 601, Fig. 12). 

New data given above as to the morphological nature of anterior regenerates 
agree with some hitherto overlooked in showing a region of definite bipotential re- 
generative capacity. On amputation within that region a worm may regenerate 
either a head or a tail. The individual variation in response to the same stimulus 
suggests a possibility of experimental modification of the nature of regenerates. 

The region of bipotential capacity, according to the author’s results, is small 
and bounded by 20/21 and 23/24. Previous work indicates the possibility of con- 
siderable extension of those boundaries. Involved in estimation of the posterior 
limit of cephalic regeneration are two regenerates at EL 30/31 and EL 50/51 
(Morgan, 1899 and 1901). Both, it is important to note, were obtained after re- 
discovery of heteromorphosis. The cephalic nature of the first was proved from 
sections. The second, having five metamerically normal segments, presumably was 
large enough to be easily and correctly identified. Level of the first amputation 
could have been from 31/32 to 38/39 (see note d, Table I), but was probably in re- 


1 Carpenter now reports obtaining in one series, seven six-segment, two seven-segment, 
and one eight-segment head regenerates at 10/11. 
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gion of 32/33-35/36. The other amputation, estimated to be at the middle of the 
body, could have been from 41/42-64/65 (see note d, Table I), but with probability 
of location at or even in front of 41/42. A level about midway between 30/31 and 
40/41, i.e., 35/36, appears at present to be as good an estimate as is possible in the 
circumstances. 

The anterior boundary for heteromorphic tails is extended to 18/19 by Dimon’s 
results (Table I). However, some of her “uncertain” regenerates at 17/18-15/16 
presumably had, in absence of all reference to monstrosity, similarities to caudal re- 
generates. Morgan also had a regenerate at 15/16 thought to be “possibly a new 
tail” (1902, p. 579). All this seems to warrant placing the anterior boundary 
provisionally at 15/16. It is also noteworthy that at several still more anterior 
levels, to 10/11, some regenerates were “imperfect” or “very imperfect,” character- 
izations apparently applied also to regenerates later found to be caudal. 

Gradient of segment number in heteromorphic tail regeneration appears, from 
the author’s data, to be of an inverted V-shape rather than the even slope apparently 
anticipated by Morgan (1902, p. 577) from results obtained on small fragments. 

Failure, in the author’s experiments, of normal worms to regenerate at levels 
behind 54/55 was unexpected in view of the results obtained from substrates as 
small as L14S in A. terrestris (Korschelt, 1898, p. 80). Regeneration by tail re- 
generates from levels behind 54/55 (E49), and behind that level by substrates con- 
ditioned by a previous regeneration (E58), suggests a possibility that failures on nor- 
mal specimens were due to unfavorable conditions. 

Regeneration of heteromorphic tails anterior to 20/21 and of heads behind that 
level, and more important, of both heads and tails from the same levels, does not 
appear to be in accordance with Liebmann’s hypothesis (1943) that specifically 
polarized, eleocytic aggregates in the coelomic cavities, a head aggregate in v-xx and 
tail aggregates behind 20/21, determine the nature of the regenerate. 


SUMMARY 


Posterior substrates of E. foetida, cut exactly at intersegmental furrows, re- 
generated homomorphic heads at levels 1/2-23/24, with equimery at 1/2-8/9 and 
hypermery (+ 1) at 4/5 and 8/9. Heteromorphic tails regenerated at 20/21 and 
from 23/24 to 54/55. Behind 54/55, regeneration of heteromorphic tails was ob- 
tained only from tail regenerates and substrates conditioned by a previous re- 
generation. Gradient of segment number in heteromorphic tails appears to be of an 
inverted V-shape. 

Starvation for 70 + days did not inhibit regeneration at 5/6 and 6/7 but all re- 
generates were hypomeric. 

Hypermery and hypomery provide an adequate explanation of the origin of 
symmetrical homoeosis. 

Regenerative capacity in a region from 20/21 to 23/24 is characterized as bi- 
potential since an anterior regenerate, in that region, may be a homomorphic head 
or a heteromorphic tail. 

Review of previous work on E. foetida provides indications that the region of 
bipotential regenerative capacity is even more extensive, with anterior limit of 
heteromorphosis possibly at or even in front of 15/16 and posterior limit of homo- 
morphosis in region of 35/36. 
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FREE-ENERGY RELATIONS AND CONTRACTION GF 
ACTOMYOSIN * 


A. SZENT-GYORGYI 


Experimental Biology and Medicine Institute, Laboratory of Physical Biology, National 
Institutes of Health, Bethesda, Maryland and Institute for Muscle Research, 
Marine Biological Laboratory, Woods Hole, Massachusetts 


There are two approaches to muscle. One is that of the physiologist, who 
studies function hoping to understand the nature and reactions of minute struc- 
tural elements. The other is that of the biochemist, who studies minute structural 
elements hoping to understand function. The physiologist carefully preserves 
structure and subtle qualities; the biochemist wilfully destroys them. This de- 
struction may go as far as the dissolution of the system into single molecules. This 
approach was that of the author’s laboratory, which has shown that the contractile 
matter of muscle is built of two proteins, actin (F. B. Straub 1942, 1943) and 
myosin. , 

Destruction need not necessarily go that far. It may be limited to partial dis- 
solution, which leaves the contractile matter and its geometry untouched, or it may 
simply consist in the disturbance of certain equilibria by thermal or chemical means. 
In these cases, it is still convenient to call the system “muscle,” but it should be 
clearly understood that by using this word no attempt is made to confuse such a par- 
tial system with the whole living and intact machinery. 

In themselves, neither myosin nor actin is contractile. If brought together in a 
suitable ionic milieu they unite to a complex: “actomyosin.” According to the 
concentration and the nature of ions present, the actomyosin may be charged by 
the ATP and dissociate reversibly into its two components, or else it may be dis- 
charged and dehydrated excessively. If this reaction takes place in 4 hetero- 
geneous suspension, the actomyosin is precipitated. Owing to its violence, this 
precipitation was termed “superprecipitation” to distinguish it from the weaker 
dehydration and precipitation induced by salts alone in absence of ATP. If this 
reaction takes place in an actomyosin gel, it will lead to excessive shrinking, syn- 
eresis. If the elongated actomyosin particles are oriented, the shrinking will be 
anisodiametri¢ and the gel shrinks in the direction of the axis of the particles and 
expands at right angles to this direction. Actomyosin threads or muscle fibres, 
under these conditions, may become shorter and wider without changing their vol- 
ume. If the reaction takes place in the muscle fibre where the elongated actomyosin 
filaments form a continuous system, the shortening will be able to do work by lift- 
ing weights, or develop tension under isometric conditions, and is usually called 
“contraction.” 

The study of these phenomena suggested (see Szent-Gyérgyi, 1947) that the 


1 This research has been sponsored by a grant from the American Heart Association. 
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contractile matter is built of functional units, “autones,” and that contraction is an 
“all-or-none equilibrium: reaction” of these autones, dependent on temperature.’ 
Contraction, i.e. the dimensional change, in all probability, is secondary to another 
change in which charges are neutralized. The size of “autones’’ is independent of 
the colloidal particle size (1-1, 5 x 10° g) into which myosin breaks up on extrac- 
tion, and can be expected to be much smaller than this latter. Supposing that the 
actual shortening is proportional to the number of reacting units, the relative num- 
ber of charged and discharged units (that is the equilibrium-constant K) was cal- 
culated from the macroscopic length of the system. 


10 


Figure 1. The AF curve of the contraction of extracted frog and rabbit muscle and of 
frog and rabbit actomyosin threads. Ordinate: A F in calories. Abscissa: temperature in 
centigrades (quoted from L. Varga). 


From the temperature-dependence of K, the A F, i.e. the difference of the free- 
energy content of contracted and relaxed autones, was calculated. The final results 
of these calculations were summed up by L. Varga (1946) in a curve reproduced 
in Figure 1. The curve shows that the free energy of the system drops in con- 
traction and that the extent of this drop depends on temperature. In the rabbit it 
reaches 11,000 calories at 53° C., is 7-8000 calories at 37°, and is 0 at about 0° C. 


2 Buchtal and Knappeis pointed out in 1943 that certain mechanical features of muscular 
contraction are in accordance with the assumption that the fibre is built of smaller units con- 
tracting in an “all-or-none” fashion. 
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In the frog the same values were reached at 5° C. lower. The curve shows that the 
relaxed state is the high-energy metastable state, the contracted state the low-energy 
stable state, contraction being a spontaneous process. 

In the first part of this paper material and methods will be discussed. In the sec- 
ond part, the theory will be tested along different lines, and in the third part, the ob- 
servations will be extended. 


Part I: MATERIAL AND METHODS 


Muscle is a very heterogeneous tissue. Not only are there different kinds of 
muscle (smooth, heart and cross-striated muscle), but there are considerable differ- 
ences between the different muscles of the same sort within the same animal. 

There is considerable difference in geometry between the various body muscles. 
In one muscle the fibres are parallel, while in others they follow a more complicated 
course, making evaluation of energy relations difficult. 

There is considerable difference, also, in the composition of various muscles. 
The contractile matter, actomyosin, is in its relaxed condition a soft gel which 
could easily be damaged by mechanical injury were it not protected by connective 
material, fasciae, collagen fibres and a sarcolem. Muscles lying closer to the surface 
will need more protection, and in these we will find strongly developed connective 
material and sarcolem.* An almost ideal material for the study of the contractile 
matter is the musculus psoas of the rabbit. This muscle lies sheltered in the body 
cavity, protected on one side by the vertebral column, and by the viscera of the belly 
on the other. Consequently, it contains very little connective tissue, and the sar- 
colem is poorly developed, which makes the elastic properties of the contractile 
matter come to the fore. It is built of very long, parallel fibres, stretching from one 
end of the muscle to the other—fibres which, owing to the poverty of connective 
material, can easily be separated. It is easy to secure from a medium-sized rabbit 
very thin fibre bundles 8-10 cm. long which, if necessary, can be decomposed into 
single fibres of this length. Though occasionally frog sartorius and rabbit m. 
gracilis were also used, the major part of the experiments reported here were per- 
formed on the psoas. 

According to the theory outlined, contraction is a spontaneous process going 
hand-in-hand with a drop of free energy. Thus, contraction should occur spon- 
taneously wherever the AT P-actomyosin system is present in a suitable ionic milieu, 
and the system should persist in the low-energy stable contracted state. This is 
actually what happens any time we add ATP to an actomyosin gel or to muscle ex- 
tracted with water. In the intact resting muscle, however, we find ATP in an ac- 
tive form, linked to actomyosin (see below), but still the system does not con- 
tract—contraction being inhibited by some unknown mechanism. ‘If we want the 
muscle ‘to go over inte the contracted state, we have to abolish this inhibition. In 
the intact muscle this can be achieved by an electric shock or a “wave of excitation.” 
These actions are fleeting and depend on subtle qualities of muscle, on “excitability,” 
which makes them unfit for our present purpose. In order to study equilibria of 
energy relations, the inhibition had to be removed permanently and uniformly 


8 Ramsey and Street (1940), working with single fibres of the musculus semimembranosus 
of the frog, found the elastic properties of the contractile matter in resting muscle entirely 
covered up by the elastic properties of the sarcolem. 
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throughout the whole mass of the muscle, and the whole contractile matter made to 
go over into and remain in the contracted state. Poisons like caffeine, quinine, 
monojodo-acetic acid or chloroform, known to produce contracture, were found un- 
satisfactory because the tensions developed are very small, showing that only a 
small fraction of the contractile substance is at any time in the contracted state. 

A satisfactory method of abolishing inhibitions is freezing with subsequent thaw- 
ing, which method also has the advantage that the muscle can be kept in the frozen 
state, packed in dry ice, for days with undiminished contractility. 


Ficure 2. Isometric contraction of the frozen sartorius of the frog on thawing. The frozen 
muscle was immersed into Ringer of 20° C. at 0 min. 


The experimental procedure was the following: The rabbit was killed by de- 
capitation, quickly: skinned, eviscerated, and the front and the sidewalls of the belly 
cut off. This exposed the psoas which was liberated from its surroundings. The 
muscle was decomposed into smaller bundles by punching it through with a small 
forceps with closed tips and ‘moving the forceps up and down while the index finger 
of the other hand kept the muscle somewhat lifted. If necessary, ligatures were 
put on the two ends of the muscle strip. Owing to the poverty of connective tis- 
sue, the muscle is rather soft and is easily cut through by ligatures. For this reason, 
relatively soft and thick threads were applied in dry condition (pearl cotton No. 5). 

If frozen strips were desired, fibre bundles of 2-3 mm. diameter were secured, 
placed on a celluloid ruler (to which the muscle does not stick), stretched to their 
rest length, the ligature being fixed by artery clamps. Then the strips were covered 
with freshly powdered dry ice. The strips used were mostly of the thickness of an 
average frog sartorius, weighing about 40 mg. per cm. Since at higher temperatures 
the muscle, after freezing, is rapidly damaged, it is#mportant that it should reach 
temperature equilibrium quickly. So if experiments had to be performed above 30° 
C., even thinner strips were used weighing 25 mg. per cm. 

On thawing, the frozen muscle, if containing the physiological amounts of ATP, 
contracts rapidly and develops maximal tension. 
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There are two phenomena which tend to disturb measurements. If the frozen muscle is 
suddenly placed into Ringer of room temperature, one side may thaw faster than the other and 
contract suddenly, which causes strong bending which damages the fibres. For this reason, the 
muscle was allowed to thaw first in 0° Ringer before being transferred into a warmer Ringer 
of more than 15° C. The first movement of the lever indicates complete thawing which may 
take place in ten to sixty seconds. 

The contraction, elicited by the freezing and subsequent thawing, is developed relatively 
slowly while the sudden change in temperature may act, in itself, as an impulse and elicit a 
fast contraction. In this way, in frog muscle, a double peak is obtained, the second of which 
is mostly lower than the first (Fig. 2). In rabbit psoas this double contraction is less pro- 
nounced but still present. Below 10° C. “excitability” is low and the two waves fuse. At 
higher temperatures they can be made to fuse by making the temperature change less sudder 
by allowing the muscle to thaw in Ringer of 0° C. before applying the higher temperature 
Tension given to the muscle also promotes fusion of the two peaks. The same is favored, also, 
by a thinner diameter. Correct values of maximal work or tension can be obtained only if the 
two contractions fuse into one. 


In order to show whether an observed effect was actually due to an interaction 
of ATP and actomyosin, the latter had to be prepared free of ATP. The effects 
observed on addition of ATP could then safely be ascribed to an interaction of the 
protein and the nucleotide.* 

~ Thus muscle fibres had to be prepared, free of ATP, and made permeable to this 
substance, without destroying the actomyosin structure. In earlier work this was 
done by extracting the muscle with water. In pure water, however, even at low 
temperature, muscle fibres preserve their full contractility only for a short time. 

Satisfactory results were obtained by employing a 50 per cent solution of glyc- 
erol. The fibre bundles, once extracted, can be preserved for weeks in this sol- 
vent at — 20° C. with undiminished contractility. The psoas was decomposed in 
situ into fibre bundles of about one millimeter in diameter. A thin stick was laid 
alongside, and four or five such.bundles were tied to it at both ends and cut out. In 
this way straight fibre bundles of rest length and attached to the stick were secured. 
If bundles of equilibrium length were desired, only one end of the bundle was fixed 
to the stick and the other end cut, whereupon the muscle contracted to its equilib- 
rium length. Then the other end of the bundle was fixed to the stick. In order 
to measure the difference between rest length and equilibrium length, a ligature 
was put on the free end of the bundle before cutting it, and the distance between the 
two ligatures was measured before and after cutting. 

The bundle, tied to the stick, was placed into 50 per cent glycerol of 0° for 
twenty-four hours. Then the two ends of the muscle with the ligatures were cut 
off, whereby the muscle, detached from the stick, fell into the single bundles. The 
muscle was left in this condition for another day at 0° in 50 per cent glycerol and 
then transferred in this solvent into the deep freezer kept at — 20° C. 


* Threads prepared from actomyosin are unfit as material for any experiment in which 
tensile strength is involved, since on extraction the continuous actomyosin filaments presént in 
muscle are broken up, and actomyosin threads contain only their fragments. As will be shown 
later, one of the actions of ATP is to enable the actomyosin particles to slip alongside one 
another. Therefore, if an actomyosin thread is loaded or subjected to tension, and ATP is 
added, the actomyosin particles will contract, as they do in muscle, but they will also slip, and 
in spite of the contraction (observable in unloaded threads), the system will lengthen. This 
lengthening has led Buchtal, Deutsch, Knappeis and Petersen (1947) as well as Astbury, Perry 
and Reed (1948) to the erroneous conclusion that phenomena in actomyosin threads are funda- 
mentally different from those in muscle, 
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The muscle in 50 per cent glycerol is too stiff to be decomposed into smaller 
bundles without straining, which causes the bundles to curl up. In water the 
muscle is too soft. For this reason, before the experiment, the bundles were trans- 
ferred from 50 per cent glycerol to 20 per cent glycerol for an hour or so and de- 
composed here to the desired diameter, mostly into strips of 0.2 — 0.5 mm. diameter. 
The psoas is built of smaller fascicles, and it is well to follow the outlines of these 
preformed bundles in decomposing the muscle. The dissecting was done by means 
of a pair of fine tweezers, used by watchmakers. The ends of the bundles are caught 
with these tweezers. By pulling them apart, the bundles can readily be separated. 
Before being subjected to experiment, the fibre bundles were examined under the 
microscope for continuity. 
The experiments were performed in Ringer containing 0.001 M MgCl,. In 
all experiments glass-distilled water was used because of the deleterious action of 
copper usually present in common distilled water. 
Glycerol-treated fibre bundles of rest length and of 0.1 — 0.2 mm. diameter, if 
placed into a 0.25 per cent ATP solution, contract rapidly. Diffusion being the 
limiting factor, the rate of contraction depends also on the diameter. Unloaded 
fibres contract at room temperature to one-fourth or one-fifth of their rest length. 
If connected to the isometric lever, on addition of ATP they develop tension com- 
parable in intensity to that developed by intact muscle on maximal excitation. If 
loaded they will also lift weights isotonically, similarly to intact muscle fibre . 4 
bundles of similar dimensions. ~ 




















This contraction of glycerol-treated muscle fibres under influence of ATP is one of the 
most striking biological phenomena and is very suitable for classroom experiments. Instead of 
ATP a freshly prepared boiléd muscle juice may be used, or an ATP solution may be used 
prepared by elution of dried, alcohol-precipitated muscle. A smallish rabbit will provide mate- 
rial for a big class. Most of the experiments reported here were done by simple means and are 
suited for classroom experiments. Some of them have been repeated by the physiology class 
at the Marine Biological Laboratory at Woods Hole. 









In several experiments the maximal total amount of work had to be measured. 
Theoretically, this can be done in the following way : The muscle is connected to the 
isometric lever, made to contract, and the tension is measured. Then the muscle is 
allowed to shorten slightly and made to contract, and the tension measured, etc., till 
the muscle has contracted maximally and develops no more tension. If the length is 

’ plotted against tension, the area between length and tension represents the total 
amount of work. Such an experiment was performed on the frozen sartorius after 
thawing. Its result is schematically reproduced in Figure 3, where the hatched zone 
is the total amount of work. This experiment is a rather difficult one and can be 
performed only with limited materal and under specific conditions. In the rabbit 
psoas, contractility is lost after thawing even at 0° C. in fifteen minutes, which makes 
the experiment impossible. In the frog the experiment can be done at low tem- 
peratures only, contractility being lost rapidly at higher temperatures. 

A simpler method had to be found which could be applied in any material in a 
wider range of temperatures. Two such methods are suggested by Figure 3. In 

this figure the total amount of work is equal to the area BDF, which is one-half of 

the area BDFH, and the double of the area CDEG. Accordingly, we could meas- 
ure the total amount of work in two different ways: (1) by measuring the maximum 
tension developed (DF) and multiplying it by the amount of maximum shortening 
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Figure 3. Schematic representation of muscular contraction. (Sartorius of the frog. 
Temp. 2.5° C.) AD = initial rest-length, DF = maximum tension, AB = length of maximally 
contracted muscle, unloaded. Area BDF = total amount of work. BF = length-tension dia- 
gram of the excited muscle. 


of the unloaded muscle (BD), then dividing the result by two. Psoas strips, after 
freezing and thawing, contract at room temperature by two-thirds of their rest length. 
The formula will thus be 6 a = 1/3 It (1 = rest length, t = maximum tension). 
A. V. Hill (1913) developed a similar formula which in his case (frog muscle ex- 
cited electrically at 0°) was 1/6 It. (2) Load the muscle with the weight corre- 
sponding to one-half of the maximum tension (DE), measure the distance by which 
the weight is lifted (EG), and take the double of the product of these two magni- 
tudes (the area CDEG). The product will be the biggest if the weight is just one- 
half of the maximum tension, but a small deviation from this value will not cause a 
considerable error making the area bigger in one dimension and smaller in the other. 

The first will be called the “isometric,” the second, the “isotonic’”’ method. Both 
methods may be criticized as to their exactness. The object of the present research 
is not to obtain exact numeric values, but to obtain information about the basic 
truth of the theory outlined. 


Part II 


Observation on heat contracture 


According to Figure 1, the A F, i.e., the free energy spent by the single units, 
rises with increasing temperature. The free energy of the phosphate bond in ATP 
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is 11,000 calories (Meyerhof, 1944) and according to the theory discussed, this energy 
is needed for relaxation. According to the curve in Figure 1, the expenditure of 
energy in contraction reaches 11,000 calories at 47° in the frog and at 53° in the 
rabbit, and exceeds 11,000 calories above these temperatures. If the theory is cor- 
rect, therefore, the muscle should be unable to relax at these temperatures and 
should persist in the fully contracted state. 

In the frog, experiments were performed in the following way: the sartorius of 
Rana pipiens was provided with a ligature at both ends, was excised and loaded in 
one series with 2 g. (Fig. 4, circles) and in another series with 20 g. (triangles). 
The length between ligatures was measured and the muscle dipped into Ringer 
solution of varying temperature. Above 40° a rapid contraction ensued which was 
measured at the end of the second minute. The contraction reached its maximum 
at 47° C. The muscle remained in this maximally contracted state. The gradual 
lengthening at higher temperatures is due to the denaturation which takes place 
above 47° C. rather rapidly. 
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Ficure 4. Ficure 5. 


Figure 4. Heat contracture in the frog sartorius. The coordinate net corresponds to the 
right-hand side of Figure 1. The sloping straight line is the A F curve, and corresponds to the 
left-hand side ordinate. The points mark per cent of shortening and relate to the right-hand 
side ordinate of Figure 4. Abscissa: temperature in centrigrades. 

Ficure 5. Same as Figure 2. Strips of the musculus gracilis of the rabbit. 
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In the rabbit, experiments were performed in a similar way with the smaller 
weight (Fig.5). Experiments were performed with strips of the musculus gracilis 
similar in dimensions to the frog sartorius. These strips were cut parallel to the 
fibres. The experiment was performed soon after the animal’s death. The results 
were similar to those obtained in the frog. In both cases the muscle went into 
permanent maximal contraction at the temperature where the A F curve cuts the 
11,000 calorie level, as demanded by the theory. 

The fact that maximum and permanent contracture was reached only where the 
expenditure of F was 11,000 shows that the transference of energy from ATP to 
the contractile system goes without considerable loss. 


This heat contracture must not be confused with the shortening of muscle due to heat 
denaturation. If a muscle is immersed into Ringer of 70° C. an extensive shortening is pro- 
duced which is not due to the mobilization of the normal mechanism of contraction, but to 
denaturation. The difference between the two processes can easily be demonstrated. If the 
muscle is stored a few hours after death at room .temperature or overnight in the ice box, the 
ATP disappears. No rapid contraction will be obtained at 53° in this muscle, but shortening 
will still be obtained at higher temperatures at which rapid denaturation is produced. This 
denaturation manifests itself, also, by a turbid appearance. The basic difference between the 
contraction obtained in the presence of ATP at 53° in the rabbit or 47° in the frog, due to the 
mobilization of the normal mechanism of contraction, and the shortening produced at higher 
temperatures and due to denaturation, can be demonstrated, also, by connecting the muscle to 
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Figure 6. The work performed by strips of rabbit psoas, after freezing and thawing, at 
varied temperature, calculated for 35,000 gm. myosin present. The coordinates are identical 
with those of Figure 1. The sloping straight line is the theoretical A F curve. Triangles: 
isotonic measurement. Circles: isometric measurements. 
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the isometric lever. While the theoretical maximal tension is produced in the first case, scarcely 
any tension is developed in the latter. The gradual lengthening of the loaded muscle above 
53 resp. 47° C. is evidently due to the denaturation. This denaturation in the rabbit sets in very 


rapidly above 53°. 


Total work in the psoas 


Free energy being, by definition, that amount of energy which can do work, the 
most direct way of testing our A F curve is the measurement of the total work at 
different temperatures. 

The amount of work was measured by both the isotonic and the isometric 
method and the results are reproduced in Figure 6. The psoas strips were loaded or 
connected to the isometric lever in the frozen condition, a moderate tension being 
given to the lever. The work done was expressed in calories and calculated for 
35,000 g. of myosin. In these calculations the average myosin content of muscle 
(8 per cent) was taken into account, though it is probable that owing to poverty in 
connective matter, the psoas contains somewhat more myosin. In order to find out 
the quantity of myosin present, the muscle was weighed immediately after the 
measurement was finished, its ends with the ligatures having been cut off.° 

The results of the isotonic experiments are marked in the figure with triangles. 
No measurements could be taken above 45° C. owing to the great sensitivity of the 
muscle to high temperatures after freezing and thawing. As will be seen, the 
agreement with the A F curve is satisfactory and pleads for the basic truth of the 
theory. 

The values obtained in the isometric measurement are marked with circles. 
As the figure shows, at lower temperatures the agreement of the experimental 
values with the A F curve is satisfactory. This is true, however, only up to the 
5500 calorie level, at which it shows a break to become parallel to the abscissa. 
This means that the maximum of tension is reached at 28° C. and increases no 
more if the temperature is raised. 

This inability of the muscle to produce the expected tension at these higher tem- 
peratures is one instance of the so-called Fenn effect, named after its discoverer who 
found (1923) that the work done by the muscle depended also on the sort of job 
the muscle had to do. 


The isometric method of calculating total work is based on the assumption that the length- 
tension diagram is a straight line. It is evident that in this region, where the isometric and 
isotonic curves differ, the I-t diagram cannot be straight and the method cannot be used. If 
the results calculated by this method are reproduced, this is because they nevertheless show the 
fact that on raising the temperature the tension developed remains constant. 

The actual 1-t diagram of the psoas can be found in this region by loading the frozen 
muscle strips with different weights, bringing them to the temperature in question, and measur- 
ing the maximum distance to which the weights are lifted. The results of such an experiment, 
calculated for the same weight of muscle, are reproduced in Figure 7. 


The A F curve of frog muscle 


Varga’s A F curve admits but a very small expenditure of energy for the frog 
muscle at 0° C. (600 cal. of the 35,000 gm. unit), which means that at this tem- 


5 After freezing and thawing, contracted muscle rapidly loses weight by pressing out water. 
This loss may exceed 30 per cent, and is in agreement with the assumption that contraction is 
connected with loss of charge and hydration. 
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perature this muscle should be capable only of very feeble motion. It means, also, 
that the efficiency of the muscle would be exceedingly low because every autone 
would have to split one high-energy phosphate and pay 11,000 calories for the 600 
calories spent. 





Figure 7. Length-tension diagram of strips of the psoas excited by freezing and subse- 
quent thawing at 40° C. AC = length of the muscle; CH, CG, CF and CE are shortening 
with the weight CN, CM, CL and CK. The curved line connecting the corners of the squares 
(representing work done) is the I-t diagram. 


As pointed out by A. V. Hill in the discussion following the author’s lecture 
at the International Physiological Congress at Oxford (1947), frog muscle at 0° C. 
is capable of rather strong motion if excited strongly by direct stimulation. Hill 
had shown previously (1913) that not only is the tension developed by frog muscle 
at 0° C. rather high, but also the efficiency, which reaches 40 per cent (1939). The 
author was able to convince himself of the correctness of A. V. Hill’s statements. 
Results of a few experiments on this line are reproduced in Figure 8. They show 
that the muscle actually spends much greater amounts of energy than allowed by 
the A F curve. The average expenditure around 0° was found to be 4500 calories, 
which corresponds to a 40 per cent efficiency if the 4500 calories are paid for by 
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the 11,000.° This agreement with Hill’s results shoys that freezing and thawing 
yields results similar to electric excitation. 

The reason for the discrepancy between Hill's and Varga’s results obviously was 
to be sought in the different nature of the material. Hill worked with intact 
muscle, Varga with muscle extracted with distilled water and frozen, or with acto- 
myosin threads. It is easy to believe that in the animal the behavior of the acto- 
myosin system is adapted to life at low temperature by some sort of regulation no 
longer present in extracted muscle or actomyosin.’. This assumption would become 
acceptable if it could be shown that the A F curve of the whole muscle can be 
tranformed into the type of Varga’s curve by substances which are known to abolish 
physiological regulations. 


Ficure 8. Work performed by the frozen sartorius after thawing, calculated for 35,000 
gm. of myosin present. Coordinates correspond to lower left corner of Figure 1. Sloping 
straight line: AF curve. 


Narcotics, at high concentration, inactivate many physiological mechanisms. 
Most. of them also damage the contractile matter. Chlorated paraffins, however, 
like ethyl-chloride or chloroform, have no harmful action on actomyosin. 

The sartorii of the frog (Rana pipiens) were exposed, and provided at their 
ends with ligatures ; the distance between ligatures was noted. The muscle was ex- 
cised, fixed at its original length and placed for five minutes in Ringer of 0° C., 
saturated with chloroform. Then the muscle was covered with freshly powdered 
dry ice and frozen. Its working capacity was measured in the isotonic and isometric 
experiment at varied temperatures. Also, the Ringer in which the muscle was made 
to thaw and contract was saturated with chloroform. If the work was measured 
above 15° C., the muscle was connected to the lever or the weight and allowed to 
thaw first in Ringer of 0° C., saturated with chloroform, and then transferred to the 
Ringer of higher temperature. 


6 When the work done by the right and left psoas was compared at slightly varied low 
temperatures (e.g. 0° and 3° C.), the muscle was found to have a greater A F at higher tem- 
perature; the slope of the resulting A F curve cut the abscissa at about — 30° C., and the 11,000 
cal. level slightly under 47°. This suggests that the A F curve of intact frog muscle is similar 
to the curve of actomyosin, but has a different slope. 

7 The experiments were performed between November and January, and thus winter frogs 
were used. 
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The work done, and thus,the free energy spent, was calculated for 35,000 gm. 
of myosin. The results are reproduced in Figure 9. The isotonic measurements 
could not be extended further to the right, above 40° C., the frozen muscle being 
damaged rather readily by higher temperatures. The action of the chloroform is 
reversible, and if the chloroform is washed out the work done at lower temperatures 
increases. 





Ficure 9. Work performed by the sartorius of Rana pipiens under influence of chloroform. 
The curve is analogous to Figure 5. Crosses: isotonic experiment with weights applied prior 
to freezing. 


~ 


As the figure shows, the results obtained are similar to those obtained in the 
rabbit ; the curves have the same shape but lie 5° lower. Here, again, the isotonic 
curve becomes asymptotic on reaching the 5500 calorie level. 


In a series of experiments the muscle was loaded prior to freezing with the weight it was 
to lift later. The results are marked in Figure 9 by crosses connected by a dotted line. No 
correction was made for the elastic tension, but this correction would be smaller than the 
actual deviation from A F curve, which suggests that the expenditure of energy depends also on 
the tension which has to be overcome. It was observed repeatedly that the sartorius developed 
higher tension after freezing and thawing if stretched previously for a short while. 


To sum up the experience with frog muscle, we can state that the A F curves 
of whole frog muscle and extracted frog muscle are different, the latter being 
identical with the A F curve of actomyosin threads. By treatment with chloroform, 
the curve of the whole frog muscle can be transformed reversibly into a curve similar 
to that obtained by Varga in his extracted material. This brings out the point 
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that the A F curve of actomyosin can be greatly modified by accompanying sub- 
stances, and opens the possibility of adapting the contractile material to different 
physiological functions. Actomyosin is not a sharply defined substance and is ac- 
companied by other different substances, proteins and lipins which actually make 
part of the system, and it is not surprising to find that systems containing different 
substances may have different A F curves. Ionic equilibria, disturbed by ex- 
traction, may also contribute to shaping the A F curve. 

In the glycerol-treated psoas, immersed in 0.2 per cent ATP dissolved in 
Ringer, the A F curve, obtained by the isometric method, cuts the abscissa. if ex- 
trapolated at — 10° C., while if extrapolated towards high temperatures, it cuts 
the 11,000 calorie level somewhat above 50° and has thus a different slope than un- 
treated muscle. 


Thermodynamic reversibility 


One of the most important implications of the A F curve (Fig. 1) is the 
thermodynamic reversibility of contraction, which means that the energy spent by 
the single units in contraction is a function of temperature on which it depends in 
a reversible way. It should thus be possible to increase or decrease the tension 
of the contracted muscle solely by variation of the temperature. 

Owing to secondary complications, not every material is suitable for this dem- 
onstration. The rapid loss of ATP and contractility in the rabbit muscle, after 
freezing and thawing, rules out this material. In the intact frog muscle, as shown, 
the effect of temperature is compensated. We can expect to be able to demonstrate 


G TENSION 





Ficure 10. Tension developed by the frog muscle, treated with chloroform, at 13 and 
0-1° C. At the arrow the warmer Ringer was substituted by the cold one. Sloping straight 
line: tension demanded by the A F curve. 
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thermodynamic reversibility in the frog muscle treated with chloroform, or in ex- 
tracted strips of the psoas immersed in a solution of ATP. 

Figure 10 illustrates a result obtained with frog muscle. The sartorius was 
treated with chloroform and frozen, connected to the isometric lever and dipped 
into chloroform Ringer at 13° C. After a short negative phase, usually seen in 
such conditions, the muscle rapidly contracted developing 48 gm. of tension. As 
the maximum was reached (26 sec.) the Ringer was exchanged for another chloro- 
form Ringer of 0° C. The muscle suddenly relaxed. During the experiment the 
temperature of the Ringer rose 1° C. The sloping line in Figure 10 shows the 
theoretical tension of the muscle demanded by the A F curve. As can be seen, 
the tension of the muscle asymptotically approaches this line. The control ex- 
periment done with the other sartorius of the same frog showed that if the tem- 
perature is kept constant at 13° C., the tension remains high after a slight initial de- 
pression and does not fall more than a few per cent in five minutes. 
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Ficure 11. Tension developed by extracted psoas fibres in ATP at 25° and 1° C. 


The following experiment, reproduced in Figure 11, illustrates thermodynamic 
reversibility in a fibre bundle of the psoas, treated with glycerol: The fibre bundle 
(42 mm. long and 0.5 mm. thick) was connected to the isometric lever, a tension 
of 200 mg. was given, and the muscle immersed in Ringer of 1° C. Then the 
Ringer was exchanged for another Ringer of the same temperature containing 0.2 
per cent ATP. The tension rose to 450 mg. At the arrow pointing upwards, the 
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fluid was exchanged for an identical solution of 25° C. The tension was noted 
at once and found to be 1800 mg. A reading was taken every thirty seconds and 
the warm ATP Ringer ‘was exchanged for the cold one (arrow pointing down- 
wards). A reading was taken at once and subsequently every thirty seconds. At 
the arrow pointing upwards, again, the warmer Ringer was introduced, etc. As 
can be seen in the figure, the change in tension is immediate and reversible. As the 
experiment went on, the muscle gradually lost contractility. 

The measurement of the diameter has no pretense of accuracy. If the tension is 
calculated from the final measurement at 25° for one cm.’, a tension of 2% kg. is ob- 
tained, which shows that the tension developed by a glycerol-extracted muscle under 
the influence of ATP is of the same dimension as the tension developed by an in- 
tact muscle under the influence of maximal stimulation. 


Part III 


Elasticity of the resting psoas 


The fresh, resting psoas shows a moderately high elasticity, as demonstrated by 
the following experiment (Fig. 12): A strip of the psoas of the freshly killed 
rabbit was connected to the isometric lever, weight 56 mg., rest length 78 mm. 
(RL in fig.), equilibrium length (EL) immediately after excision, 62 mm. The 
muscle was slowly stretched, its length being increased by one millimeter in five 
seconds. After the rest length was reached, the muscle was released for a few 
seconds and then its equilibrium length measured. This was done by straightening 
the muscle out, measuring its length, and then applying a tension of 200 mg. and 
measuring the length again. The difference in length in both measurements was 
usually 2 mm. In the figure the average of these two measurements is given. 
After this measurement was completed, the muscle was stretched to the length from 
which it was released. This stretching was roughly twice as fast as the stretching 
before. Then the muscle was stretched further at the original lower rate and the 
procedure repeated after every 5 mm. of additional stretching till the muscle broke. 
The muscle was kept during the experiment in a wet chamber, immersed in a water- 
bath of 0° C. In the figure the gradual stretching is symbolized by the upper 
straight line which refers to the ordinate (mm). The corresponding equilibrium 
length is reproduced in the middle curve. The single points of this curve lie under 
the point of the upper curve from which the muscle was released. The lowest curve 
shows the tension developed on stretching and refers to the ordinate, the numbers of 
which mean gram-tension in this case. The lowest straight line simply shows a 
slope of 45° and means that if the curve of tension is parallel to this line, the 
muscle obeys Hooke’s law. 

The upper line shows that the muscle broke when extended to 173 per cent 
of its equilibrium length, and the middle curve shows that this extension was elastic 
in the whole range of measurements. The middle curve illustrates the well known 
fact of the poor reproducibility of the equilibrium length. The lowest curve shows 
that up to the rest length the contracted units can be stretched practically without 
resistance, but begin to develop resistance at this point. If the muscle were in vivo 
at its equilibrium length, it could develop no tension at the beginning of contraction ; 
if it were tensed any more, it would be spastic. 
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Ficure 12. Length-tension relations of the psoas at 0° C. (see text). 


In Figure 13 an identical experiment is reproduced, performed at 23° C., 
weight of the muscle 130 mg. 

In this experiment, the muscle broke when extension reached 190 per cent of 
the equilibrium length. As the middle curve shows, this extension is, at its higher 
degrees, not completely reversible, and the elastic part of the extension is but 163 
per cent of the equilibrium length. The middle curve shows the rest length to be 
better reproducible at this temperature. The lowest curve again shows the con- 
tracted units to be extensible at the beginning with practically no resistance. The 
middle part of the curve obeys Hooke’s law ; the upper part shows excessive tension. 
The transition from the region of low tension into the Hooke region is rather sharp 
and corresponds to the rest length. If the relaxed units contract, the tension de- 
veloped will be proportional to the contraction from the beginning which makes 
precise motion possible. On the other hand, having practically no tension, they 
will not impede the motion of their antagonist. 
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The muscle obeys Hooke’s law up to one-half of the maximum of tension. At 
the point where it begins to develop excessive tension, stretching begins to be 
inelastic, causing slipping and permanent damage to the muscle. 


Elasticity, ATP, and the slope of the AF curve 


Freshly isolated strips of the psoas show high elasticity. After the death of the 
animal, its ATP gradually disappears in a few hours’ time, as shown by M. Borbiro 
in a separate paper (pp. 162-7, this issue). Parallel to this disappearance of ATP, 
the elasticity of the muscle declines, and if the muscle is excised four hours after 
death, it will usually be found entirely inelastic. On stretching, the nmiaximum 
tension is developed at once, and the muscle tears without considerably increasing 
its length. 

The question arises whether the high elasticity of fresh muscle is actually due to 
the ATP present, and whether the disappearance of this elasticity can actually be 
attributed to the decomposition of this nucleotide. It can be shown that this is 


Figure 13. Same as Figure 12, at 23° C. 
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actually the case: if strips of the psoas are extracted at equilibrium length with 50 
per cent glycerol, they are found to be entirely inelastic. At 0°, in Ringer, they 
cannot be stretched at all without breaking, and even at 13° C. extensibility does not 
exceed two per cent. If, however, 0.2 ATP is added to the Ringer, the muscle 
again becomes extensible. Using fibre bundles of 0.3-0.4 mm. diameter, the 
muscle could readily be stretched at 0.5-1° C., on an average to 145 per cent of 
its rest length.* 


TEMP G° 


Ficure 14. Extensibility of extracted psoas fibres at varied temperature. 100 per cent of rest 
length (abscissa) means that the fibres are not. extensible. 


The extensibility of the extracted muscle, in absence of ATP, is a function of 
temperature (Fig. 14). At 0° the muscle is practically not extensible; extensi- 
bility risés slowly with increasing temperature, rising rapidly at body temperature. 
The extensibility at higher temeperatures, up to 53°, is not due to denaturation, as 
shown by the relatively big force needed for extension. Denaturation rapidly sets 
in at a somewhat higher temperature, 54-55°, where the muscle soon becomes 
plastic, offering practically no resistance to stretching. 

This shows that, in absence of ATP, the actomyosin particles in muscle are 
surrounded by unbalanced forces which link neighboring particles together and 
make it impossible for them to move relative to one another, turning the system into 
a rigid, inelastic gel. They are counteracted by heat-agitation. 

The extensibility of muscle at low temperatures in presence of ATP shows that 
the elasticity of muscle actually depends on its ATP, which must be present in the 
resting state linked to the actomyosin. The interdependence of ATP and elasticity 
also shows that in the psoas the elastic properties observed were predominantly 


8 These results are in agreement with previous findings of Th. Erdés (1943) on the relation 
of ATP to rigor mortis. 
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those of the contractile matter, actomyosin, and were not due to the sarcolem or the 
connective tissue present, no specific reaction being known to take place between 
these latter and ATP. 

It is evident that free energy is needed to abolish the cohesive forces linking 
the particles together, and if this is achieved by ATP, so it is also evident that part 
of the free energy of the ATP-actomyosin system will have to be spent in this reac- 
tion. The free energy spent in this reaction will manifest itself in the stability of 
the link between ATP and the actomyosin. The free energy needed to make acto- 
myosin elastic will decrease with increasing temperature, actomyosin becoming more 
elastic by itself on elevation of the temperature. This expectation is in agreement 
with the results of Mommaerts (1941-1942) who found that at low temperatures, 
the dissociation constant of the actomyosin-ATP complex was exceedingly low. 
F. B. Straub (1941-42) found that the binding of pyrophosphate to actomyosin 
greatly depends on temperature, being strongest at the lowest temperature. 

We can thus conclude that the free energy of the actomyosin-ATP system is 
spent in two successive steps. In the first step the ATP is linked to the myosin, 
cohesive forces are abolished, and a new system is formed in which particles are 
rendered capable of relative motion, contraction or extension. The free energy 
spent in this reaction, henceforth called “Reaction I,’ will decrease with increasing 
temperature. 

The second step, “Reaction II,” entails the dimensional change called “con- 
traction.” In the resting muscle, we find the actomyosin-ATP system in the state 
of Reaction I, but Reaction II is inhibited by some unknown mechanism. This 
inhibition is abolished by “excitation” which causes Reaction II to take place. In 
the glycerol or water-extracted muscle suspended in ATP this inhibitory mechanism 
is no longer present, and Reaction I is followed spontaneously by Reaction II. 

It is evident that Reaction II can only spend the free energy unspent by Reaction 
I, which may be involved in the slope of the A F curve of contraction (Fig. 1). 

Since actomyosin devoid of ATP-ase activity can still contract, as shown by 
Buchthal, Deutsch, Knappeis and Petersen (1947), we can conclude that no phos- 
phate is liberated in Reaction I or II, and the whole loss of free energy of the sys- 
tem takes place without splitting of high-energy phosphate links. 

The increase of extensibility of actomyosin under the influence of ATP was 
the first known specific effect of ATP on “myosin” discovered by Engelhardt, 
Ljubimova and Meitina (1941). 

If actomyosin is stored in dehydrated condition, links are developed which are 
not quantitatively split by ATP. Such links develop especially fast in contracted, 
thus discharged, actomyosin. Their development is favored by parallel setting. 

These observations on elasticity and its post mortem changes are in agreement 
with previous findings of Th. Erdés (1943), corroborated and extended by Bate- 
Smith and Bendall (1947). 


The weight of the autones 


The A F curve (Fig. 1) shows the free-energy change of the single autones 
at any given temperature. If the weight and myosin content (8 per cent) of the 
muscle are known and the A F curve and measurements of the total work are ac- 
cepted, the weight of the single autones can be found by simple numeric calculation. 
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If, for instance, at a given temperature the A F curve indicates an expenditure of 5500 cal- 
ories per unit, and our piece of muscle performed 0.0055 calories’ worth of work and contained 
35 mg. of myosin, then the weight of the myosin-unit which has spent 5500 calories would 
have been 35,000 gm., and this would be the unit weight of myosin contained in one autone. As 
has been shown (Figs. 6 and 9), isotonic measurements and isometric measurements up to the 
break indicated a unit weight of 35,000 gm. for myosin. Above the break, the isometric experi- 
ments do not yield correct values. At the temperature at which the A F curve cuts the 11,000 
calories level (53° C. in the rabbit and 47° C. in the frog), the unit weight calculated from 
the work done by the isometric method must be the double of 35,000 gm. In a series of experi- 
ments the unit weight of myosin was calculated from the work done by the sartorius as meas- 
ured by the isometric method at 47° C. The freshly isolated sartorius was in these experi- 
ments connected to the isometric lever and dipped into Ringer of 47° C. The results are given 
in Table 1. 


TABLE | 


74,000 
66,000 
74,000 
74,000 
69,000 
70,000 
72,000 


Average 72,000 


This calculated unit weight of 35,000 gm. is based on the current myosin estima- 
tions. Should muscle be found to contain more myosin than 8 per cent, this would 
mean that the unit weight of myosin taking part in the building of one autone is 
correspondingly higher. There are indications suggesting that the psoas actually 
contains more myosin than 8 per cent. Moreover, if there is a loss of free energy, 
this also entails a bigger unit weight. So 35,000 gm. is rather an order of magni- 
tude and the lower limit than the absolute value, which might be equally well 70,000 
gm. H. B. Bull (1946) arrived along different lines at a unit weight of 40,000 gm. 


CONSIDERATIONS 


It may be asked how far the observations made on the psoas of the rabbit, 
a specific case, reflect a more general behavior. There are different kinds of muscle 
with widely different functions and structure. As reported before, the contrac- 
tile matter of all these different muscles seems to be similar, and actin and myosin 
prepared from cross-striated, smooth, or heart muscle, or even myomas, can be 
interchanged to form actomyosin which contracts on addition of ATP. Even clam 
muscle shows similar reactions (A. Lajta, 1947). 

There are indications suggesting that the regularities observed are not limited 
to the contractile matter. If the muscle is minced soon after death and suspended in 
an alkaline 0.6 M KCI solution, a sticky extract is obtained which owes its high 
viscosity to the dissolved fibrous structural protein, actomyosin. The hydration and 
dissolution of this protein is not merely a result of its interaction with the salt- 
solution. The ATP present has a decisive influence, and if we store the minced 
muscle for a few hours prior to extraction, giving time for the decomposition of ATP, 
the subsequent extraction will yield an extract of low viscosity containing no 
actomyosin. Addition of ATP will restore conditions found in fresh muscle. 
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As shown by Lajta (unpublished), kidney and other tissues behave in an analo- 
gous way. The fresh mince, if suspended in the alkaline salt solution, yields a sticky, 
highly viscous extract, and the strong double refraction of flow reveals the presence 
of dissolved fibrous structural proteins. If, however, the mince is incubated, the 
subsequent extraction yields a fluid of low viscosity containing no fibrous proteins. 
During the incubation the labile phosphate present disappears. Contrary to muscle, 
however, the original condition cannot be restored by the addition of ATP or a fresh 
boiled juice. The labile phosphate, the disappearance of which seems to be con- 
nected with this change, is found to be linked to nucleic acid present in the protein. 
The nucleic acid, prepared from fresh kidney, shows a high content of labile 
phosphate. 

This behavior is completely analogous to that found in muscle, with the dif- 
ference that instead of a single nucleotide, ATP, in kidney and other parenchyma- 
tous organs we find nucleotides united to long chains, to nucleic acid. In muscle, 
such long chains would interfere with motility. 

~The close analogy with muscle suggests that in other organs, too, the pro- 
tein is built of small functional units, each correlated to a nucleotide which governs 
its physical state and enables the system to develop the two different states, the 
high-energy, charged, hydrated state corresponding to rest, and the low-energy 
level corresponding to activity. 


SUMMARY 


Material and methods of measurement of physical properties of muscle were 


discussed. 
Heat contracture, total work of muscle, and thermodynamic reversibility were 


studied and found to be in agreement with earlier assumptions. 
Elastic properties of muscle and their relation to ATP were studied. 
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ON THE RELATION BETWEEN TENSION AND ATP IN CROSS- 
STRIATED MUSCLE 


M. BORBIRO AND A. SZENT-GYORGYI? 


Institute for Muscle Research, Marine Biological Laboratory, Woods Hole, Massachusetts? and 
Experimental Biology and Medicine Institute, Laboratory of Physical Biology, 
National Institutes of Health, Bethesda, Maryland 


According to the theory outlined in the preceding paper, the contractile matter of 
muscle is built of functional units containing myosin, actin, and ATP. Since 
muscle contains no free ATP, it can be expected that if the ATP concentration of 
muscle decreases, the number of contractile units decreases proportionately. The 
ATP concentration of muscle decreases after the death of the animal (Th. Erdos, 
1943). The object of the present research was to see whether the ATP content 
and the tension developed by muscle decrease proportionately. Such a parallelism 
would support the theory outlined, while a lack of parallelism would plead against it. 
For this reason, we measured, simultaneously, the tension developed by the muscle 
and the ATP concentration at various intervals after the death of the animal. 

The material used was the musculus psoas of the rabbit. At various intervals 
after the death of the animal, strips of this muscle were cut out and frozen at once. 
The tension developed on thawing was measured. 

The methods hitherto used for the estimation of ATP were found to be un- 
satisfactory for the following reason: we possess no direct method for the estimation 
of ATP. When this substance has to be estimated, extracts of the tissue are sub- 
jected to limited acid-hydrolysis, and the quantity of ATP is calculated from the 
quantity of labile phosphate liberated. Muscle contains im vivo a not inconsider- 
able amount of free phosphate. As the ATP is gradually decomposed post mortem, 
the amount of hydrolyzable phosphate decreases while the amount of free phosphate 
increases, and thus a slight error in the phosphate estimation makes the results of 
the ATP estimation doubtful. A new method of phosphate estimation had to be 
constructed in which the free phosphate did not interfere with the estimation of 
the ATP. 

In the first part of this paper this method will be described. In the second 
part, the results obtained by this method will be given. 


METHOD oF PHOSPHATE ESTIMATION 


The method is based on the ready solubility of phosphomolybdic acid in iso-butyl 
alcohol, described by Berenblum and Chain (1938), and on the yellow color with 
which the acid dissolves in this reagent. The muscle was extracted with tri- 
chloracetic acid. Ammonium molybdate was added to the solution. The free 
phosphate present combined with the molybdate and was shaken out with a mixture 


1 Special Fellow, U. S. Public Health Service. 
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of iso-butyl alcohol and ethyl ether. Then the fluid was hydrolyzed and the free 
phosphate shaken out with iso-butyl alcohol and estimated colorimetrically. 

After the trichloracetic acid extract of the muscle is shaken out with butyl alcohol 
ether, it still contains a small quantity of phosphate. This quantity can be estimated 
and taken into account. If the extract is shaken out a second time with alcohol 
ether, no phosphate is left, and no correction has to be made on the final readings. 
In the present paper the former method was used.* 

Muscle extract contains substances which, after boiling with HCI, yield products 
which interfere with the development of the yellow color. These substances are 
eliminated by the alcohol ether, since they are of lipoidic nature. 

The detailed description of the procedure is as follows: the rabbit (2-3 kg.) 
was decapitated, eviscerated, the side walls of the abdomen cut off and the psoas 
exposed. Two thin strips of the psoas were taken out, provided with ligatures, fixed 
and frozen with dry ice at their resting length, as described in the preceding paper. 
These strips were used for estimating the maximum tension developed by the muscle 
on thawing at 15° C. Simultaneously, a somewhat thicker strip of about one gram 
weight was cut out from the same region, weighed and frozen. This strip served as 
material for the ATP estimation. The remainder of the muscle, left in situ, was 
covered with cotton wool wetted with Ringer. The procedure was repeated once 
every hour. First the right and then the left psoas was used. Such samples were 
taken until the muscle showed no elasticity and no contractility after thawing. One 
hour later a last sample was taken. 

. Extraction: 25 ml. of 10 per cent trichloracetic acid was pipetted into a mortar 
which was pre-cooled to — 20° C. The fluid solidified to a brei. The muscle, after 
having been weighed, was placed into the brei in frozen condition and ground to 
a fine suspension. On thawing, the suspension was transferred into a centrifuge 
tube and spun. The clear fluid was poured into a 50 ml. graduated measuring cyl- 
inder provided with a ground glass stopper. The volume was noted ; then for every 10 
ml., 1 ml. of 10 per cent ammonium molybdate solution was added and the fluid mixed. 
Then 1 ml. of iso-butyl alcohol was added for every 4 ml. of the fluid, and 4 ml. of 
ether added for every ml. of butyl alcohol used. The fluid was strongly shaken for 
twenty-five seconds and allowed to separate. If there was no ready separation of 
the two phases, the fluid was centrifuged. Then the ether butyl alcohol mixture was 
sucked off through a capillary glass tube. A few ml. of ether were added without 
shaking in order to wash off the remaining alcohol ether. The volume of the fluid 
was noted. If, after the shaking with alcohol ether, a heavy precipitate was formed, 
this was separated by centrifugation. The fluid was divided into samples, each of 
which corresponded to 100 mg. of muscle, and pipetted into test tubes. Out of nine 
samples four were put aside. To five samples, 1/10 parts of concentrated HC! 
(approximately 10 N) was added and the tubes placed into the boiling water-bath 
for seven minutes and then rapidly cooled. To the unboiled samples, the same 
amount of HCl was added. To all tubes one drop of 0.1 per cent potassium per- 
manganate was added which stained the fluid a rose color. This color persisted 
for about half a minute. This was done in order to oxidize any reducing agent 
present which would reduce the phosphomolybdate. Then 10 per cent ammonium 


3 If for any reason the quantity of free phosphate present in the muscle extract had to be 
known, this could be estimated colorimetrically in the combined alcohol ether extracts. 
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molybdate was added to the unboiled tubes, and 5 ml. iso-butyl alcohol to all 
samples. The butyl alcohol used here was shaken out previously with water. 
(This is necessary in order to prevent the butyl alcohol from taking up water 
later.) The fluid was shaken strongly for five seconds, the opening of the tube 
being closed by the thumb covered by a rubber glove. After the two phases sepa- 
rated, the watery phase at the bottom was sucked off by means of a thin glass tube, 
connected to the vacuum by a thin rubber tube which was pinched tight while the 
tip of the tube was passing the alcohol. Then the alcohol was poured over into the 
colorimeter tubes which were marked at their 5 ml. volume. Usually the volume of 
butyl alcohol is less than 5 ml. It was filled up to 5 ml. with butyl alcohol which 
was used to rinse the tubes that contained the extract previously. Then to every 
tube 1 ml. of ethyl alcohol was added and the color estimated in the Klett-Summer- 
son colorimeter with the S 42 blue light filter (400-460 my). 

As a standard, a solution of KH,PO, was used, containing 0.01 mg. per ml. 
Samples of 1, 2 and 3 ml. of this fluid were filled up with water to 4 ml., 0.5 ml. cc. 
HCl and 0.5 ml. of 10 per cent molybdate were added; then the fluid was shaken 
out with 5 ml. butyl alcohol which was treated as described above. 


EXPERIMENTAL RESULTS 


Before embarking on the problem proper, a few minor points had to be cleared 
up. First, is the method of P estimation reliable, and is the distribution of ATP in 
the psoas homogeneous ? 

A rabbit was killed and six samples of 1 g. were taken from different parts 
of the two psoas muscles. In Table I the actual colorimeter readings are repro- 
duced. The six upper columns related to the unhydrolyzed extract are thus the zero 
values. The corresponding readings of the hydrolyzed samples are reproduced 
in the lower columns. 

As can be seen, the readings are very uniform. The one value in the fourth 
column, marked with an asterisk, is evidently due to some rough mistake and has 
to be discounted. The other single values do not differ from the average by more 
than five per cent. The average of the 0 value was substracted from the average of 
the hydrolyzed product. From this the ATP was calculated. The standard with 
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0.02 mg. phosphate gave a reading of 80. The quantity of P found was multiplied 
by 8.4 to give the ATP, which is noted in the last horizontal line. This shows 
the ATP content of the psoas to be very uniform, 3.6 mg. ATP per gm. 

According to the literature, muscle contains 2-2.5 mg. ATP per gm., thus con- 
siderably less than psoas. This difference is probably due to the shielded position 
of the psoas and the consequent poverty of connective material. In order to eluci- 
date this point, samples of different muscles of a freshly killed rabbit were taken 
and subjected to analysis. Results are reproduced in Table II. 


TABLE II 


Psoas 3.55 (mg. ATP per gm.) 
Deep muscles of the back 3.04 
Big adductor muscle 2.56 
Musculus gracilis 2.10 
Superficial muscle of the back 2.10 
Smaller muscles from the gluteal region 1.96 


These values show that the more superficial the position and the richer the con- 
nective tissue, the lower the ATP content. The muscles of the whole animal would 
give an average of about 2.5 mg. ATP per gm. 

The third question which had to be cleared up was whether the ATP content 
of the psoas decreases uniformly in all its parts after the death of the animal. 
Preliminary experiments have shown that the rate of disappearance of ATP post 
mortem depends on the temperature and the oxygen supply. If the muscle is cut 


into thin strips which are exposed to air, the disappearance becomes much slower. 
While the ATP in the muscle left in situ may disappear within three to four hours, 
muscle strips exposed to air may contain ATP and thus remain contractile at room 
temperature even twenty-four hours after the death of the animal. Experiment 
also showed that in the muscle left in situ, the ATP disappeared faster in the deeper- 
lying dorsal than in the superficial ventral part. 

Experiment: The rabbit was killed, the psoas exposed as usual and covered 
with wet cotton wool. Three hours later, five strips, weighing approximately 1 gm., 
were cut out and analyzed for ATP. One of the strips was taken from the lateral edge 
of the muscle, two from the ventral surface, two from the deeper-lying dorsal surface. 
ATP (mg.) per gm: 


edge: 3 
ventral: ; 2.77 
dorsal: ; 1.95 


If the ATP content of muscle and its tension are to be measured simultaneously, 
it is essential that strips from the same region be used for both measurements. 
Even with this precaution, considerable scattering of results can be expected. 

The relation between ATP content and tension was studied in eight experi- 
ments. The following example may be cited (Fig. 1): Samples of muscle were 
taken every hour after the death of the animal. The ATP content in milligrams per 
gram of muscle is marked in the curve by points. They relate to the left ordinate. 
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The tension developed is marked with circles and refers to the right-hand side 
ordinate. (The scale of this ordinate is arbitrary and is chosen in such a way that 
the numbers, if multiplied by 100, give the total working capacity in calories calcu- 
lated for 35,000 gm. myosin by the formula: 4% tension x length x 0.000023.) 

As the curve shows, tension and ATP content run parallel. At the end of the 
third hour the muscle develops no more tension and does not contract on thawing, 
and is found to be completely inelastic. At this point, the ATP curve shows a 
break and becomes roughly parallel to the abscissa. 


3 
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As the curve shows, the muscle at this point still contains a not inconsiderable 
amount of labile phosphate. Whether this hydrolyzable ATP is derived from ATP 
or some other source (ADP?) cannot be stated at present. If this hydrolyzable P 
is derived from ATP, this ATP must be in some way different from the rest, be- 
cause it is no longer split by the muscle (or is split only exceedingly slowly) and 
has no influence on contractility and elasticity. This “residual” hydrolyzable 
phosphate was found in approximately the same proportion in all experiments. 

The second point, equally borne out by the other experiments, is that the de- 
crease of ATP concentration is linear : the rate of its disappearance is independent of 
its concentration. The most likely interpretation of this rather unexpected fact is 
that the splitting of ATP depends on some change in the contractile matter. As 
has been shown by A. Biro and A. E. Szent-Gyorgyi (unpublished), myosin is enzy- 
matically active in its contracted condition only. 

In two out of the eight experiments, the ATP concentration did not fall at all 
during the first hour after death. This can be explained by the presence of creatine- 
phosphate which rephosphorylates the ADP formed. 

All experiments gave similar results. In most of them the scattering was 
stronger than in the quoted example. Nevertheless, all experiments bore out the 
close parallelism between tension developed and the quantity of ATP present. 





ATP AND CONTRACTILITY 


SUMMARY 


A new colorimetric method of ATP estimation is described. In the psoas of 


the rabbit the post mortem decomposition of ATP and the loss of contractility are 
parallel. 
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EARLY STAGES IN THE LIFE HISTORY OF THE COMMON 
MARINE SHRIMP, PENAEUS SETIFERUS (LINNAEUS) 


WILLIAM W. ANDERSON,! JOSEPH E. KING,? AND MILTON J. LINDNER ®& 


The purpose of this report is to assemble information concerning the early 
stages in the life history of the shrimp, Penaeus setiferus (Linnaeus), which sup- 
ports the most valuable commercial fishery of the South Atlantic and Gulf of Mexico 
regions of the United States. 

P. setiferus is an organism of high reproductive potential. A count made by 
the authors on the ripe ovaries of a female, 172 mm. total length with spermatophore 
attached, revealed a total of approximately 860,000 eggs. Burkenroad (1934) 
states that the ovary of a large shrimp may contain 500,000 eggs. Heldt (1938) 
counted about 800,000 eggs in the ovaries of P. trisulcatus, a European species of 
similar size and closely related to P. setiferus. It may be expected, therefore, that 
a female will produce from 500,000 to 1,000,000 eggs in a single spawning. 


DESCRIPTION OF THE EGG 


The size of the ripe ovarian egg has been given by Weymouth, Lindner and 
Anderson (1933) as ranging from 0.25 to 0.33 mm. in diameter with an average of 
0.277 mm. Burkenroad (1934) believed the egg to be about two-thirds this size, 
or about 0.185 mm. Later he changed this estimate to “—about 0.25 mm..or less,” 
(Burkenroad, 1939). Pearson (1935), through the use of a plankton net, secured 
nauplius-bearing eggs varying in diameter from 0.38 to 0.42 mm. Later he re- 
ports (Pearson, 1939) that the diameter of twenty-five live eggs, also secured with 
a plankton net, uniformly measured 0.28 mm. Gutsell (1936) obtained measure- 
ments ranging from 0.192 to 0.300 mm. on ripe eggs from a female with spermato- 
phore attached. He found that fresh oocytes dissected out in sea water were about 
0.30 by 0.36 mm. Much of the variation in the data cited may be due to varying age 
of the eggs and varying manner in which they were handled (some were measured 
fresh, others after fixation). 

According to Pearson (1939) “the egg of P. setiferus is demersal and sinks 
promptly in still sea water.” It is “non-adhesive and spherical” and “possesses a 
thin transparent membrane, or chorion, that in living and preserved eggs shows a 
characteristic purplish-blue color in reflected light under the microscope.” 


LarRVAL DEVELOPMENT 


Our knowledge of the larval development of P. setiferus depends largely on the 
work of Pearson (1939). To quote from the summary of his paper: “The larval 
development of Penaeus setiferus, the common commercial southern shrimp, con- 
sists of ten distinct stages excluding the demersal spherical egg. These stages 
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are made up of five forms generally included under the name of nauplius, three 
forms included under the name of protozoea, and two forms included under the 
name of mysis.” In addition to these ten larval forms, Pearson describes two post- 
larval stages which precede the true adult form. 

In brief, the larval development of P. setiferus requites from two to three weeks. 
Some twenty to twenty-four hours after the egg is spawned the nauplius breaks the 
chorionic membrane and emerges. Its ovoid body, of 0.30 to 0.34 mm. in length, 
bears a single, simple eye and three pairs of oar-like appendages which are to be- 
come eventually the first and second antennae and the mandibles. Although this 
minute organism is to a great extent at the mercy of the prevailing currents, it is 
capable of some movement. In the next twenty-four to thirty-six hours the nau- 
plius undergoes five successive molts to become a protozoea of approximately 1 mm. 
in length. It now has seven pairs of appendages, a pair of sessile compound eyes 
in addition to the ocellus, and a complete alimentary tract consisting of mouth, 
esophagus, stomach, intestine, and anus. Prior to this stage the food of the nau- 
plius has been the yolk material carried over from the egg. This food supply is 
now exhausted and henceforth the protozoea must capture its own food if it is to 
survive. This transitional period is without doubt a critical one in the animal’s life 
history. 

The third protozoea stage is followed by the first mysis, which is about 3.5 mm. 
in length, possesses fourteen pairs of functional appendages, and on the abdomen 
five pairs of buds which will soon become the pleopods. In the second mysis the 
pleopods are well developed, and rudimentary gills have made their appearance on the 
thoracic somites. Witi: the succeeding molt the organism ends its larval phase and 
assumes the general proportions of a miniature adult. At the end of two post-larval 
stages and fifteen to twenty days after hatching, the young shrimp is only 5 to 6 mm. 
in length and is still planktonic. During this period of early development, the 
young shrimp have moved from the saline offshore spawning area to the brackish 
inside marshes, bays, and estuaries (Weymouth, Lindner and Anderson, 1933). 
Upon reaching these “nursery grounds” they adopt for the first time, it is believed, 
a benthic existence. 

The factors responsible for this inshore movement of larval and post-larval P. 
setiferus have not been determined. We believe, however, that for the young to 
reach the nursery grounds they must encounter a favorable incoming current. 
While capable of some movement, and perhaps responsive to a salinity gradient, 
they would certainly be quite helpless against out-going currents. P. setiferus has a 
long spawning season, which in Louisiana extends from March to September ; conse- 
quently, at intervals during this period the young are bound to encounter favorable 
conditions for their inshore migration. 

Although spawning usually takes place offshore, schools of adult shrimp have 
been known to approach the coast and spawn close to inlets. When such a spawn- 
ing occurs, the eggs may be swept through the passes on incoming currents, and 
the larvae may reach the nursery grounds within a few hours. 


Younc SHRIMP 


As stated above and previously reported by Weymouth, Lindner, and Anderson 
(1933), young shrimp approximately 7 mm. in léngth are found during the early 
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spring months in the brackish inside areas which serve as their nursery grounds for 
the next four to eight weeks of their existence. This habitat is a rich feeding ground 
characterized by shallow water, muddy bottoms, rather widely fluctuating seasonal 
temperatures, and moderate to low salinity. Numerous seine and frame-net col- 
lections in these areas have yielded quantities of small shrimp 7 to 10 mm. in length; 
whereas frequent hauls with the same gear during the same period along the ocean 
and Gulf beaches have failed to yield any P. setiferus of this size, although other 
species of shrimp were found. 

As the young grow, they move from the shallow waters of marsh, bayou, and 
lagoon into the deeper creeks, rivers, and bays, making their first appearance on the 
inside fishing grounds when about 50 mm. long. In Louisiana the lower limit of the 
size distributions obtained from operations with commercial gear in the fishery was 
43 mm., in Georgia 58 mm., and in Texas 63 mm. 


LAMPADOZIER EASTFIELD RIVER 
re 


20 
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Ficure 1. Size distribution of young shrimp (Penaeus setiferus) seined from the nursery 
ground areas of Lampadozier and Eastfield River, Georgia. Males and females combined. For 
the Lampadozier series the curves are based on 200 shrimp in June, 200 in July, 100 in August, 
200 in September, 100 in October, and 92 in November. The Eastfield River series are based 
on 100 shrimp in June, 400 in July, and 100 in August. 
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To illustrate the population on a typical nursery ground area, the length fre- 
quency distributions of small shrimp from seining and frame-net operations in two 
localities in Georgia are shown in Figure 1. The Lampadozier series, which covers 
a period from June to November, was obtained entirely by seining in one particular 
locality in a section representing the inner reaches of the nursery grounds. The 
young shrimp of the Eastfield River series were somewhat larger in size; they repre- 
sent collections (covering a period from June to August) taken with both seines and 
frame-nets in an area midway between the upper nursery grounds (represented by 
the Lampadozier series) and the lower bays or sounds. The apparent reverse or- 
der in the sizes of shrimp in the Eastfield River series is due, it is believed, to the 
exodus late in June of the larger shrimp, a product of an early spawning, and the 
entrance in great abundance into the River in July and August of the young from 
the peak spawning period of May and June. 

In the Lampadozier section during June and July the average length of the shrimp 
was 18 mm. with a range from 8 to 48 mm., although in July a few scattered longer 
individuals were obtained. In August the average length had increased to 23 mm. 
with a range from 8 to 53 mm. During September the average length was main- 
tained at 23 mm. with the bulk of the population ranging between 8 and 38 mm., 
although scattered individuals up to 78 mm. in length were secured. By October 
the average length had increased to 38 mm. with a range from 18 to53 mm. During 
November the average length rose to 48 mm. with a range of 28 to 63 mm. 

From the Lampadozier data, the increase in the lower limits of the length fre- 
quency distribution from 8 mm. in September to 18 mm. in October and to 28 mm. 
by November, indicates that after September no new recruits were appearing on the 
nursery grounds. September marks the end of the spawning season in Georgia 
(Anderson, Lindner and King, 1948). 


RELATIONSHIP OF NURSERY GROUNDS TO COMMERCIAL CATCH 


The distribution of the shrimp fishery in itself obviously indicates that passes 
and the adjacent inland waters are of prime importance to the species. Louisiana, 
which has a combination of more passes and a vastly larger inland water area 
landward of these passes than any other state, produces about two-thirds of the 
shrimp caught each year throughout the entire South Atlantic and Gulf region. 
Likewise, Georgia and South Carolina, whose shorelines have the most numerous 
passes and favorable inside waters on the South Atlantic Coast, develop the greatest 
numbers of shrimp in that section. As a consequence, we conclude that the num- 
ber of openings to the outside waters and the extent of favorable nursery grounds 
are two of the major physical factors influencing the production of shrimp in the 
various sections of the fishery. 

In addition to the number of passes and the area of nursery grounds, a coastal 
or nearby offshore area of relatively shallow water, high salinity, and mud or clay 
bottom also seems to be a requisite. The Florida peninsula between Fort Pierce 
on the east coast around almost to St. Marks on the west coast lacks this and like- 
wise lacks shrimp. It is not yet known whether this factor is a requirement of 
adults or larvae or of both. 
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MITOCHONDRIAL ARRANGEMENT IN ALVEOLAR EPICYTES 
AND FOAM CELLS OF MOUSE LUNGS, PARTICULARLY 
AS INDUCED BY THE VACUOLOIDS * 


CHARLES C. MACKLIN 


Department of Histological Research of the Faculty of Medicine of the University of Western 
Ontario, London, Ontario, Canada 


INTRODUCTION 


The problem of the causation of the design taken collectively by the mitochon- 
dria in a living or a fixed and stained cell has interested cytologists for many years. 
For instance, Lewis and Lewis (1915, p. 352), in studying the living cells of tissue 
cultures, ask: “What is it that governs the arrangement of the mitochondria? 
Is it the shape of the cell, the influence of the central body or of the nucleus, the 
internal structure of the cytoplasm, or do the metabolic activities of the cell govern 
the size, shape and arrangement of the mitochondria?” Full answers to these 
important questions have not yet been forthcoming, and the problem is a compli- 
cated one. No doubt each of the factors mentioned plays a part. 

It seems clear, too, that the physical influence of mechanically inert bodies in the 
cytoplasm is a formative factor which may be predominant, for mitochondria occupy 
the general cytoplasm and not the special masses, living or dead, which may find a 
place in it ; and hence anything which molds this general cytoplasm will incidentally 
establish the morphological pattern of the mitochondria in it. Thus Cowdry (1914) 
found that the mitochondria of large spinal ganglion cells occurred between the 
flakes of Nissl substance, and Thurlow (1917) observed that in nerve cells of the 
cranial nuclei the mitochondria avoided the canalicular apparatus. Similarly the 
Lewises (1915) showed, in their Figure 26, the mitochondria arranged in a net- 
work around the fat droplets of a tissue culture cell. Foreign body inclusions act 
likewise. This simple mechanical influence on mitochondrial arrangement is herein 
shown to be exerted by vacuoloids in the pulmonic alveolar epicytes and foam cells 
to such a degree that the ensuing picture is outstanding and characteristic. 

Alveolar epicytes are the residual epithelial cells in the pulmonary alveolar walls 
(Macklin, 1946). They are also called “septal cells,” “niche cells” and other names. 
Although in the marginal alveolar bases (Macklin, 1945) and other places they 
have but one air face and rest upon connective tissue, in the interalveolar partitions 
they frequently have two air faces. These are often of unequal size, the larger over- 
lying the head of the cell and the smaller the foot. In silverwashed material the 
head and foot are each encircled by a line of silverized material which is part of the 
silver lineation of the alveolar walls and bronchioles (Macklin, 1938). At alveolar 
wall intersections the epicytes, as herein discussed, not seldom have three air faces 
(Fig. 5). This trifaciality is like that found in certain dust cells of mouse lungs 
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treated with ammoniacal silver solution (Macklin, 1948). Epicytes may assume a 
phagocytic réle (Macklin, 1946). Other functions have been ascribed to them 
(Hayek, 1942; Sjéstrand and Sjostrand, 1938). That they may, on occasion, be- 
come malignant, so initiating a primary cancer of the lung, has been admitted as a 
possibility (Macklin, 1938). Their most prominent and characteristic feature is an 
array of vacuoloids which occupies much if not most of the cytoplasm (Macklin, 
1947a). These are clear, round, discrete, non-lipoidal bodies averaging 0.5» to 
0.75 » in diameter, which do not take stains (Brodersen, 1933). They are relatively 
stable, indenting the nucleus in fixed and stained sections. 

Alveolar foam cells of mammalian lungs have been described with special 
reference to their vacuoloids (Macklin, 1947b). They are found in ordinary his- 
tological sections, and some of them may be recovered by what has been termed the 
“gash-irrigation” technic, in which the fresh, collapsed lung is incised through a 
drop of physiological saline solution and the preparation inverted over a glass slide 
on which is received the emerging fluid carrying loose cells from the peripheral 
alveoli. This fluid is then spread and stained as for blood. Foam cells are re- 
garded as originating from epicytes and possibly also from the diversifying epi- 
thelium of the bronchioles at the marginal zone adjoining the alveolar ducts, and as 
being developmental brothers of the dust cells. Difficulty may be encountered in 
distinguishing the smaller foam cells from well developed epicytes, in sections. The 
alveolar foam cells are thus of entodermal origin, and are not to be confused with the 
mesodermal “foam cells” of the pathological literature. As the name implies, they 
have a foamy appearance, the numerous vacuoloids accounting for the clear 


spots, which in sections often misleadingly seem to be merged. In dry smears the 
vacuoloid diameter may reach 1.5 p. ‘ 

There is no reason to suspect that the mitochondrial arrangements hereinafter 
described are peculiar to the alveolar epicytes and foam cells of the mouse. They 
are probably to be found in these cells throughout the mammalian class at least. 


MATERIAL AND METHOD 


This short study is upon albino mouse lungs freed from as much blood as pos- 
sible by hemorrhage and moderately distended by the prompt intratracheal injec- 
tion of Regaud’s fixing fluid. Paraffin sections, stained by Bensley’s adaptation of 
the Altmann technic (Cowdry, 1943), reveal the mitochondria in brilliant ruby-red. 
Most of the mitochondria in epicytes and foam cells are of round or oval form. 
These are seen in all parts of the general cytoplasm. The ovals grade into short 
thick rods with rounded ends. Filaments, often beaded, occur. Mitochondria 
differ in size, the largest being conspicuous while the smallest are seen with difficulty. 
It is possible that the degree of differentiation with picric acid has something to do 
with the optical impression of size, which seems less in over- than in under-differ- 
entiated cases; but this factor can hardly be in operation when mitochondria in 
the same cell are being considered, for these have presumably been subjected to 
uniform technical action. It is the impression that the mitochondrial content of the 
well developed epicytes is more conspicuous than that of the simpler epicytes on the 
one hand and the larger foam cells on the other. These mature foam cells are 
lighter in color, lacking the marked rosy hue typical of the mature epicytes, and in 
them the mitochondria appear generally smaller and more weakly staining than in 
the smaller foam cells and epicytes, and are predominantly of coccoid form. Thus 





MITOCHONDRIAL ARRANGEMENT 175 


there is considerable variation in the relative prominence of the mitochondrial pic- 
ture in the various cells examined. 


PERIVACUOLOIDAL GROUPING OF MITOCHONDRIA 


The design of groups of mitochondria in typical epicytes and foam cells, as seen 
in well stained thin sections, is dominated by the presence and spacial disposition 
of the vacuoloids and appears characteristically as a round-meshed sieve with circles 
of mitochondria, the perivacuoloidal clusters, bounding these clear spheroidal bodies. 
Mitochondria are never admitted to the interiors of the vacuoloids. 

In Figure 2 is shown one of the smaller bifacial epicytes in which the structure is 
relatively simple, the vacuoloids being in only one layer. Perivacuoloidal groups 
pug surround these bodies. Those mitochondria which lie just beneath the cell 
membrane may take part as well in the formation of the inframembranal group 
img, and similarly those which are immediately around the nucleus participate as 
well in the makeup of the perinucleal group png. This is a good example of an 
epicyte which goes right through the alveolar wall, and it shows a larger end, the 
head, well filled with vacuoloids, and a comparatively narrow shank or trunk with 
a small foot. 

Where greater numbers of vacuoloids occur, the appearance is more complex. 
In the epicyte seen in Figure 3, there are many perivacuoloidal groups, mainly of 
ovals and spheroids. This cell appears lodged in a crotch of alveolar walls. It has 
a free air-face above, another to the left and a third to the right, represented in the 
small foot at the end of the narrow shank which is within a space of the alveolar wall 
like a pore. Above are rods just beneath and parallel with the free face i m g. 

In the larger epicytes and foam cells the vacuoloids are in several layers, and 
hence the perivacuoloidal mitochondria comprise relatively much more of the total 
content. Figure 7 gives a good impression of this sievelike pattern. It is from a 
very thin slice of a foam cell at the side of the nucleus. The inframembranal layer 
is incomplete. In thick sections one can focus up and down through the numerous 
vacuoloids and find impressive numbers of mitochondria in the cytoplasm around 
them. 

Figures 8, 9 and 10 show this perivacuoloidal arrangement in other foam cells. 
Under the oil immersion lens the overall picture is uniquely beautiful, and once seen 
is not forgotten. It is like chains of brilliant rubies festooned about large luminous 
pearls. Photographs at best give an inadequate representation. The numerous 
and often large mitochondria are mainly round or oval, and most of them are about 
the vacuoloids, with an incomplete layer under the cell membrane and another over 
the nuclear membrane. 

Sometimes epicytes which appear to be underdeveloped are found, showing 
relatively few vacuoloids or mitochondria. In Figure 1, for instance, there is a 
single row of vacuoloids present only on the air surface. But one mitochondrion ap- 
pears on the side next to the air, and it is between two vaculoids. This is an ex- 
ample of a very simple distribution of mitochondria. They are massed above and to 
the right, in the cytoplasm of the surface which rests on connective tissue. 

It does not appear that the mitochondria are attracted by the vacuoloids, 
but rather that they occupy inertly the available space around them. By no 
means all of the vacuoloidal surface is contiguous to mitochondria. Most of the 
mitochondria around the vacuoloids are of the spheroid or ovoid type; but there 
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The ten figures are photomicrographs at 1900 diameters made with a Bausch and Lomb 
1.9 mm. 1.32 N.A. oil immersion fluorite system objective and 10 < ocular from 3 Altmann 
sections of mouse lungs prepared as described. On the prints the mitochondria were intensified 
with India ink applied with a fine pen on consultation of the original cell under the oil immer- 
sion lens. The first six figures are regarded as epicytes and the remainder as foam cells. 
Details of mitochondrial arrangement are given in the text. 
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are many short rods and these are found with the long axis lying tangentially to 
the vacuoloidal surface. There is no reason to suggest that mitochondria are in 
any way concerned in the formation of the vacuoloids or that they are influenced in 
form, size or any other way by contiguity with the vacuoloids. Experimental swell- 
ing and distortion of the vacuoloids is reflected in spreading and attenuation of 
mitochondrial arrangements around them. 








ARRANGEMENTS Not DETERMINED BY THE VACUOLOIDS 









When epicytes are so cut as to show the long axis of the cell approximately 
parallel with the optical plane, we may see mitochondrial rods of the intratruncal 
group itg lying more or less parallel with one another in the trunk or shank and 
reaching to the foot (Figs. 2,3). This region of the epicyte lies within the alveolar 
wall close to the capillaries. In cross sections of such shanks the now dotlike 
mitochondria are disposed in a circle. This arrangement suggests the shrunken 
staves of an empty barrel. When cut at a slant such a group appears as in Figure 4. 
No reason for this peculiar pattern is apparent. 

Mitochondria have been noted in epicytes and foam cells lying close to the cell 
membrane img. As rods and filaments they often lie parallel with this membrane, 
and sometimes occur in a double row (Fig. 9). Another layer, which may be in- 
definite and typically composed of shorter forms, has been noted in the perinucleal 
cytoplasm png (Figs. 3, 8,10). In the edges of the heads of epicytes, where the 
inframembranal cytoplasm underlying the air surface merges with that adjoining the 
connective tissue surface, the mitochondria of the peripheral group p pg (Fig. 5) in 
lateral view may have a curious pointed appearance like a pile of sticks, as in the 
profile of the supports of a North American Indian wigwam, which is difficult to 
photograph ; while other groups simulate the downdrooping branches of the tops of 
balsam trees. Such clusters contain rounded and oval forms as well as rods. 
Sometimes mitochondria in these edges are packed in a dense triangular mass. 
Again, no explanation for these curious formations has been found. 

Epicytes on marginal alveolar walls (those which rest on connective tissue) are 
well endowed with mitochondria. One of these is represented in Figure 6 in the 
angle between adjoining alveoli. To the left, a group of mitochondria juts into 
the partition » w separating the upper from the lower alveolar space. Perivacuo- 
loidal formations are seen here as in other epicytes. 

Substantially the same representation of mitochondrial arrangement in these cells 
was obtained after the use of Bensley’s acid violet-safranin O (Bensley, 1911; 
Lillie, 1948, p. 98), and Regaud’s modification of the iron hematoxylin method 
of Heidenhain (Cowdry, 1918), though hitherto, in the author’s hands, less bril- 


liantly. 


























Abbreviations : 





al alveolus, 
img inframembranal group of mitochondria, 
ttg intratruncal group, 

mw marginal alveolar wall, 
png _ perinucleal group, 

ppg _ peripheral group, 

pug perivacuoloidal group, 
partitional alveolar wall. 
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SUMMARY 


In epicytes and foam cells the combined perivacuoloidal groups of mitochondria 
present, in thin sections, an outstanding and characteristic lacelike picture based 
on the disposition and condition of the vacuoloids. Its determination is probably 
mechanical. Mitochondria are never found within the vacuoloids. An incom- 
plete layer immediately underneath the cell membrane, and another around the nu- 
cleus, are found. In the former the rods often lie parallel with the membrane and 
sometimes in double rows. 

In epicytes there is often a distinctive group, mostly of rods, which suggest the 
outer layer of the fasces, and lie in the long axis of the shank, arranged in a circle 
around a central area devoid of them. Bizarre angulated and branched arrange- 
ments are noted in the peripheries of the heads of epicytes. 

In foam cells the mitochondrial content varies, often being abundant and con- 
spicuous, and again, perhaps in older cells, relatively inconspicuous. 
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THE CHARACEAE OF THE WOODS HOLE REGION, 
MASSACHUSETTS 


R. D. WOOD 


Botany Department, Rhode Island State College, Kingston, Rhode Island 


INTRODUCTION 


It is extremely doubtful that any other comparable area in North America has 
been subjected to such constant investigation for fresh-water algae over such a long 
period of time as has the region in the vicinity of Woods Hole, Massachusetts. 
Specimens which have become widely distributed in herbaria in this country and 
abroad show that an almost continuous series of collections has been made since 
the days of Agassiz and the establishment of the original marine biological labora- 
tory on Penikese Island. Among these collections, many specimens of Characeae 
have been accumulated by generation after generation of students and investigators, 
until today one finds an abundance of herbarium material available for study. The 
objectives of the present paper are primarily to present a workable local flora for the 
Characeae for use of students of phycology and the independent investigator who 
employs these plants in his research; and secondarily to provide a systematic treat- 
ment of the local species based upon a study of available specimens. 

During the summer of 1947, the writer undertook a survey of all accessible 
bodies of fresh and brackish water in the Woods Hole region. Specimens of 
Characeae were collected from all places where found, and herbarium mounts and 
preserved material were prepared. Duplicates of representative forms have been 
distributed to the New York Botanical Garden, to the herbarium of the Marine 
Biological Laboratory at Woods Hole, and to certain private herbaria. 

The Woods Hole region as delimited for the present paper is approximately the 
same as that covered by Croasdale (1935) with the addition of certain islands. 
Roughly, the area includes the islands of Nantucket and Martha’s Vineyard, the 
Elizabeth Islands, and the southern tip of Cape Cod. Names of localities and 
ponds (cf. Table 1) follow those used by Croasdale. Ponds in areas not included 
by that writer and for which the local names are not known to the present writer 
are assigned local names as indicated on herbarium labels. 

The ponds of the region vary greatly as ecological habitats. In general, the 
isolated inland ponds result from the glacial knob-and-kettle topography, and 
tend to be slightly to strongly acid. The coastal ponds are largely lagoons which 
have become partly or totally isolated from the ocean by barrier beaches or bars. 
These tend to be markedly alkaline, and salinity varies from strictly marine to weakly 
brackish. These differences are reflected in the quite distinct characean flora of 
the two types of ponds. Correlations of distribution and ecological variables will 
be reported elsewhere. 

Despite the wide range of aquatic habitats, the characean flora of the Woods 
Hole region is not great. With the possible exception of Nitella Morongii Allen, 
all the species reported also occur on the mainland. On the contrary, a number of 
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species are lacking which could well be expected in the region studied, because of 
their frequent occurrence on the adjacent mainland. Among those noticeable by their 
absence are Chara contraria Kiitz., C. vulgaris L., C. sejuncta Braun, C. gym- 
nopitys Braun (= C. fibrosa Ag. ex Bruz.),’ C. fragilis Desv. ap. Lois. (= C. 
globularis Thuillier), N. opaca (C. Agardh ex Bruz.) C. Ag., N. acuminata Braun 
ex Wallm., N. capillaris (Krocker) Groves & B.-W., N. tenuissima (Desv.) Kiitz., 
and Tolypella spp. 

In addition to the specimens obtained during this survey, the writer has had the 
opportunity to inspect material from the region in various herbaria, including the 
following: Brown University (BRU)—courtesy of Dr. W. H. Snell; Chicago 
Natural History Museum (F)—courtesy of Dr. F. Drouet; Farlow Reference 
Library and Herbarium (FH)—courtesy of Dr. W. L. White; Marine Biological 
Laboratory (MBL); Maria Mitchell Association of Nantucket (MMA)—courtesy 
of Grace Wyatt; New York Botanical Garden (NY)—courtesy of Dr. D. P. 
Rogers, Dr. F. J. Seaver, and Rosalie Weikert; University of California (UC)— 
courtesy of Dr. H. L. Mason and Dr. G. F. Papenfuss; Yale University (Y) ; and 
the private herbaria of E. T. Moul (ETM), Dr. M. S. Doty (MSD), and Dr. W. R. 
Taylor (WRT). The abbreviations indicated for these herbaria and employed 
throughout the text follow Lanjouw (1939) with the exception of the writer’s her- 
barium (RDW), other private herbaria (ETM, MSD, WRT), and those for which 
no standard abbreviation is listed (MBL, MMA). 

The literature of the Woods Hole Characeae consists of a few scattered papers. 
Halsted (1879) reported N. gracilis (Sm.) Ag. from Nobska Pond and C. coronata 
var. Schweinitzii Braun from shallow ponds at Woods Hole. T. F. Allen (1880; 


1 Zaneveld (1940: 153). 


PLate I 


Diagrams iiiustrating terminology and certain morphological details of the Characeae. 

Ficure 1. Nitella. Diagnostic features: 1-A, branchlets in the whorls (once) furcate; 
two true branches shown. 1-B, coronula of oogonium with ten cells (6 visible) in two tiers. 
1-C, axial node, without stipulodes; axis ecorticate. 1-D, one fertile branchlet twice furcate 
(divided) into four secondary rays at the first furcation and 3-4 tertiary rays (dactyls) at the 
second furcations ; three antheridia shown terminally on rays in whorl of rays of the next order ; 
one oogonium shown lateral at the first branchlet node. 

Ficure 2. Chara. Diagnostic features: 2-A, branchlets in whorls, not furcate; no true 
branches. 2-B, coronula of oogonium with five (3 visible) cells in one tier. 2-C, axial node 
with two rows of stipulodes (diplostephanous) ; axis ccrticated; branchlet not furcate; antheridia 
below oogonia at branchlet-nodes; two elongated bracteoles shown subtending each oogonium; 
reduced bracts at sterile branchlet node and at fertile nodes abaxial to bracteoles. 

Figure 3. Chara. Terminology of axial nodes: 3-A, ecorticate, haplostephanous (stipu- 
lodes in one row). 3-B, haplostichous, haplostephanous. 3-C, diplostichous, diplostephanous 
(stipulodes in two rows). 3-D, triplostichous, diplostephanous. 

Ficure 4. Chara. Terminology of axial cortication. A few cortical filaments shown on 
a segment of internode. Primary cortical cells drawn solid, secondary cortical cells dotted. 
4-A, ecorticate (without cortication). 4-B, haplostichous, secondary cortical cells of each corti- 
cal node not elongated. 4-C, diplostichous, secondary cortical cells about half the length of 
primary cortical internodal cells, resulting in one row of secondary cells between each row of 
primary cells. 4-D, triplostichous, secondary cortical cells about equal in length to the primary 
cells, resulting in twe rows of secondary cortical cells between each row of primary cells. 4-E,. 
triplostichous, aulacanthous (secondary cortical cells greater in diameter than primary cortical 
cells). 4-F, triplostichous, tylacanthous (primary cortical cells greater in diameter than sec- 


ondary cortical cells). 
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1882a) reported C. crinita f. leptosperma; and later (1896) a form near Nitella 
minuta or N. batrachosperma, possibly a new species N. maxceana Allen, from Nan- 
tucket ; and the description of N. Morongii Allen. Maria Owen (1888) listed the 
following species from Nantucket : Nitella batrachosperma, N. flexilis, N. flexilis var. 
subcapitata, N. Morongii, N. mucronata, Chara coronata, C. coronata var. 
Schweinitzti, C. crinita, C. crinita f. leptosperma, C. fragilis var. delicatula. The 
most recent work is by Croasdale (1935) who reported Nitella gracilis from Wood 
and Golf Ponds, N. flexilis from Cuttyhunk, N. mucronata var. gracillima from 
Wood Pond, Chara canescens and C. fragilis from Chara Pond, and C. delicatula 
from Cuttyhunk. This work included a diagnostic key to the species. 

The terminology employed in the present paper follows the majority of recent 
workers in the field. Because of variations in usage of certain terms in the litera- 
ture, the writer’s usage of each term is defined in the discussions of the class, family 
and genera. Further, the structures are labeled in Plate I. 

The nomenclature is that which, in the writer’s opinion, represents the valid 
name; and where marked deviations from recent monographic treatment exist, 
reasons for such changes are given. Synonyms listed include only those which 
occur in recent literature. For more complete synonymies, the reader is referred 
to Migula (1897), Groves and Bullock-Webster (1920; 1924), Zaneveld (1940), 
and Wood (1948b) for the genus Nitella in North America. 

The descriptions and figures, with exception of illustrative diagrams, were taken 
from specimens collected in the region, and thus reflect only the characteristics of 
the local forms. All such specimens are in the writer’s herbarium (RDW). It 
should be noted that the description of each species is based entirely on a single 
specimen. Variations from this plant are to be found in the discussion of varia- 
tions following each description. 

In addition to the persons and institutions indicated above to whom the writer 
is deeply indebted for the opportunity to study herbarium material, he is especially 
indebted to Dr. Hannah Croasdale who guided the writer to many collecting sites, and 
to Dr. M. S. Doty for his encouragement and aid in the completion of the present 
work. Most sincere gratitude is due G. O. Allen, Esq., of England, Dr. W. R. 
Taylor, and Dr. M. S. Doty for timely criticisms of the original manuscript. 


THe Key 


The following key is intended to be strictly analytical in nature, and employs 
vegetative characteristics as far as possible. The most convenient characteristics 
are listed first in each entry. The key disregards the distinctions between genera. 
A differential synopsis of tribes and genera may be found under “Family Characeae.” 


la. Main axes uncorticated 2 
I LS 02. setae beg no inne aahecaiieinae.cie econ 6 
2a. Branchlet whorls not subtended, by stipulodes; branchlets one or 
more times furcate (forked) ; antheridia born terminally on rays; 
oogonia borne laterally at furcations of branchlets, thus situated 

CN gee co a, ct need Enait ee kameteame Rast 3 
2b. Branchlet whorls subtended by one series of stipulodes; branchlets 

not furcate; antheridia borne laterally at branchlet nodes; oogonia 

PIER Gs, Load dee 7 so connec oeiel 5. Chara Braunii, p. 193 
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3a. Ultimate rays (dactyls) of branchlets not terminated by a small pointed 
SU OED... «sinh ss eg mindscmiiieinia nhs 4s ellnaies 1. Nitella flexilis, p. 
3b. Ultimate rays of branchlets terminated by one or more such small cells ..... 4 
4a. At least some of the dactyls more than two-celled, the tips varying 
from a single-celled mucro to a tip with two or more such mucros; 
oogonia geminate (two at a node) to aggregate (more than two at 
a node), but occasionally solitary; plants large and robust, main 
axes in mature plants generally exceeding 400, in diameter. 
2. Nitella megacarpa, p. 188 
4b. Dagtyls strictly two-celled including the small terminal mucronate 
cell; oogonia solitary (one oogonium at a fertile node); plant dis- 
tinctly small and delicate, main axes generally less than 350 » in di- 
I 65 i's acs tte 4d eo cieb Clakas whan aaibe nied Gakalinnah habia : 
5a. Branchlets once or twice furcate; fertile whorls reduced to small heads; 
oospore membrane appearing roughened, but not reticulate. 

3. Nitella Morongu, p. 189 

5b. Branchlets 3 or more times furcate; fertile whorls not reduced to heads; 
oospore membrane reticulate ................... 4. Nitella transilis, p. 191 
6a. Spines (at least some) on main axes generally in groups of 2-5 
(fascicled) ; cortication haplostichous (number of corticating cells 
equal to the number of branchlets in an adjacent whorl). 
6. Chara canescens, p. 196 
6b. Spines (if present) on main axes not fascicled (very rarely paired), 
solitary; cortication of the main axis appearing diplostichous to 
triplostichous (corticating cells 2-3 times as many as branchlets in 
SEE WHEE 60> kab oo cuba: tue oben ae thee eee ee 7 
7a. Plants monoecious, the oogonia and antheridia on same plant, though by 
loss of one or other of the sex organs they may appear dioecious. 

7. Chara delicatula, p. 198 
7b. Plants dioecious, the oogonia and the antheridia borne on separate plants 
(thorough inspection of a number of plants must be made before the dioecious 
condition can be considered proved) ............... 8. Chara aspera, p. 
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More or less bushy, green, submerged, attached, aquatic plants which vary in 
size from 0.5 cm. to nearly 2 meters in height. Rhizoidal portions hyaline, and 
ramifying in the soil. Laterals borne in whorls along an erect axis. Certain forms 
deposit an external incrustation of lime; some become dark brown to black. Both 
conditions may be uniform or may develop as bands encircling the cells. Habitat 
strictly fresh water in most species, some species more tolerant of low salinity, and 
some restricted to brackish water. No marine forms are known. 

Vegetative portions fundamentally consisting of a uniaxial filament, the fila- 
ment exhibiting alternating elongate internodal cells and short nodal cells. The 
internodal cells merely elongate, but the nodal cells divide three or more times in 
such a way as to form central nodal cells and a series of peripheral nodal cells, One 
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or more central nodal cells at each node cut off apical cells, which continue develop- 
ment of filaments (main axis). A dominant filament so formed is considered the 
main axis, others are considered as branches (laterals of unlimited growth). The 
peripheral nodal cells each cut off meristematic initials which form laterals of limited 
growth—a whorl of branchlets at each node. Other peripheral nodal cells (e.g., 
Chara) cut off meristematic initials which form corticating filaments lying along the 
outside of the internodal cell. This layer is the cortication. From other peripheral 
nodal cells may arise elongated cells, the stipulodes, which spread laterally sub- 
tending the branchlets (P1. I, Fig. 3). The branchlets may divide (furcate) into 
two or more segments or rays (PI. I, Fig. 1-D) at each node to the fourth or fifth 
order (Nitella), or the branchlets may remain strictly undivided (Chara), and 
consist of alternating nodes and internodes (except for terminal ecorticated cells). 
Undivided branchlets produce only one central nodal cell at each node with ac- 
companying peripheral nodal cells. Spine-like processes from these peripheral 
branchlet nodal cells form bracts (Pl. TV, Fig. 4-C) at each branchlet node. The 
branchlets may be completely or partly corticated or totally ecorticate. 

The oogonium or egg-producing cell is fundamentally an apical cell terminal 
borne on a modified lateral and enshéathed in an encasement of five spirally twisted 
laterals of limited growth, the enveloping cells. At first these are straight, but be- 
come tightly spiralled about the oogonium in maturity. The writer employs the 
term convolutions to indicate the resulting spirals apparent on the female gametan- 
gium. Each enveloping cell is terminated by one small cell in the tribe Chareae 
and by two small cells in the tribe Nitelleae, which results in a coronula of five cells 
or ten cells in two superimposed tiers, respectively. The entire female gamentan- 
gium is known taxonomically as the oogonium. 

The oogonia generally arise as laterals of the antheridial stalk (see below) in 
Chara, or from a peripheral nodal cell of a branchlet in Nitella and species of 
Chara where gametangia are not conjoined. In the genus Chara, elongated cells, the 
bracteoles which often closely resemble bracts, also deyelop from the antheridial 
stalk. The oospore develops within the enveloping cells of the oogonium. The im- 
pression of the enveloping cells on the oospore results in spiralled ridges, the 
striae or striations. The outer membrane of the oospores frequently develops char- 
acteristic oospore membrane patterns. 

The biflagellate, spiral sperms are produced singly in cells which occur in fila- 
ments (capitular filaments) borne terminally on laterals (manubria) which project 
inwardly from the centers of four or eight shield plates. The shield plates coalesce 
to form a spheroid structure, and radiating lines (partial septa [modified cells?]) 
project from the periphery toward the center of each shield plate. The entire 
spherical male gametangium is known taxonomically as the antheridium (P1. I, 
Fig. 1-D). The antheridia arise from peripheral nodal cells of branchlets (Chara) 
or from the apical cell of a ray (Nitella). 

The vegetative plants are haploid; meiosis, as far as is definitely known, oc- 
curs in the germination of the zygote. Both monoecious and dioecious species occur. 

For a more detailed discussion of the morphology, the reader is referred to 
Fritsch (1935 : 447-465). 
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FAMILY CHARACEAE 










The only existing family with characteristics of the class. The family has been 
divided into tribes and genera based upon both sexual and vegetative characters. A 
synopsis to this classification is given below. 






Coronula of the oogonium consisting of ten cells in two tiers—Tribe NITELLEAE 
Ganterer (1847: 8), pro parte, emend. Leonhardi (1863: 69). 
Antheridia apical on a ray in the furcation of the branchlets—Genus NITELLA 
C. A. Agardh (1824: xxvii), pro parte, emend. Braun (1849a, b: 195, 292). 
Antheridia lateral at the furcation of the branchlets—Genus ToLyPELLA 
(Braun, 1849a: 199) Leonhardi (1863: 72). 
Coronula of the oogonium consisting of five cells in one tier—Tribe CHAREAE 
Leonhardi (1863: 72). 
Stipulodes at the base of the branchlets lacking. 
Bracts present, one to two at a node—Genus NitTe.tiopsis Hy (1889: 
397). 
Bracts absent—Genus ProrocHara Womersley and Ophel (1947: 311). 
Stipulodes at the base of the branchlets present, although sometimes rudi- 
mentary. 
Oogonia normally situated below antheridia; axes ecorticate—Genus 
LAMPROTHAMNIUM Groves (1916: 336), emend. Ophel (1947: 322). 
Oogonia normally lateral with respect to antheridia, an oogonium situ- 
ated between two antheridia; axes corticate—Genus LycHNOTHAMNUS 
(Ruprecht, 1845: 11) pro parte, Leonhardi (1863: 72). 
Oogonia situated above the antheridia ; axes corticate or ecorticate—Genus . 
Cuara Vaillant ex Linnaeus (1754: 491). 























Womersley and Ophel (1947) recently described a new genus Protochara. ‘This 
genus is founded upon P. australis Wom. & Oph., a new species described in the 
same article. Nitellopsis inflata Filarszky & Allen was transferred to the new genus 
in the combination P. inflata (Fil. & Allen) Wom. & Oph. Ophel (1947), in an- 
other article, emended Lamprothamnium Groves, and included Chara macropogon 
Braun in the combination Lamprothamnium macropogon (Braun) Ophel. He also 
suggested removing L. Hansenii Sonder to Chara Hansenti (Sonder) Ophel. The 
material and evidence to support these changes have not as yet been examined by 
the present writer. 

Of the six or seven known genera, three occur in North America; namely, 
Chara, Nitella, and Tolypella. Of these, Chara and Nitella are represented in our 
region ; although Tolypella is known to occur as near as the Finger Lakes of New 
York, and has been recorded from Vermont. 
















Genus Nitella 





Branches commonly two or more at a node. Branchlets one or more times fur- 
cate into two or more rays (Pl. I, Fig. 1-D) at each furcation. The ultimate rays 
of a branchlet beyond the last furcation are known as dactyls (Pl. 1, Fig. 1-D). In 
many species a small terminal cell occurs on the dactyl, and is known as a mucro 
(Pl. III, Fig. 2-A). In some species the fertile branchlets are greatly reduced and 
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modified ; in others the fertile branchlet whorls and the branch upon which they are 
borne are reduced and form more or less dense heads (PI. Il, Fig. 2). Fertile 
heads may be enveloped in mucus—a hyaline, gelatinous material. An oogonium 
arises from peripheral nodal cells of a branchlet, thus replacing a ray, and projects 
laterally below the whorl of rays. An antheridium occurs terminally on a ray amid 
the whorl of rays of the next order, replacing the apical cell of the ray. Cells of the 
coronula of the oogonium ten, in two superimposed tiers of five cells each. Oospores 
are laterally compressed. 

In our region, specimens of Nitella can be immediately distinguished from 
Chara in the field by the obvious character that the branchlets are divided, whereas 
they are strictly undivided in Chara. 















1. Nitella flexilis (Linn., pro parte) C. A. Agardh, Syst. Alg., p. 124. 1824. 
Chara flexilis Linn., Spec. Plant., p. 1157. 1753. 

References for the region: N. flexilis: Owen (1888: 74) ; Croasdale (1935: 94) ; var. 

subcapitata: Owen L.c. 







(Plate II, Fig. 1; Plate III, Fig: 1) 


Plant monoecious, 20 cm. high, diffuse but robust. Branchlets about eight in 
a whorl, once furcate into two long dactyls (one occasionally lacking). Dactyls 
(1-—) 2?, equal to or exceeding the primary ray in length, terminated by a sharp- 
pointed mucronate tip (not a distinct cell). Gametangia generally aggregate, (1—) 
2 (-3) oogonia and an antheridium at each fertile node. Oogonia 850-875 » long 
by 690-710 » broad ; coronula about 75 » broad by 36 » high, ultimately deciduous ; 
convolutions 7. Oospores 530-550» long by 472-500, broad, black; striae ap- 
parently 5; membrane smooth. Antheridia 340-415 (immature; 515-555 in 
R. D. Wood 2014) in diameter. (Descr. from R. D. Wood 2013 (RDW).) 

Variations among the local forms result from differences in development of 
vegetative structures. In size, plants vary up to 35 cm. high. The dactyls vary 
from short (\% length of primary ray) in Maria Owen 3, to greatly elongated 
(longer than primary ray) in R. D. Wood 2014. The rays vary from those which 
are all equal in length and give a distinctly regular appearance to the whorls as in 
R. D. Wood 2030, to those which are very unequal in length and give a ragged ap- 
pearance to the whorls as in T. Morong 3. The branchlets vary from elongate in 
R. D. Wood 2014 giving loose whorls, to very short in T. Morong 2b giving ap- 















2G. O. Allen (corresp., 1948) reports that three dactyls occasionally occur in British 
specimens. 









Prate II 










Drawn from the indicated herbarium specimens which are extant in the writer’s her- 
barium. X 0.5. 

Ficure 1. Nitella flexilis (L. pro parte) C. Agardh. (2030.) 

Figure 2. Nitella Morongii Allen emend. Wood. (E. T. Moul 3173.) 

Ficure 3. Nitella megacarpa Allen. (2060.) 

Figure 4. Nitella transilis Allen. (2021.) 

Figure 5. Chara delicatula C. Agardh. (2058.) 

Figure 6. Chara canescens Lois. (2027.) 

Figure 7. Chara Braunii Gmelin. (2004.,) 
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pearance of reduced clumps isolated on elongated internodes. The fertile whorls 
are generally similar to the sterile whorls, but in W. R. Taylor (17085 WRT) the 
heavily fertile whorls are somewhat reduced into loose heads. The color of dried 
specimens is generally translucent greenish brown, but certain specimens become 
opaque dark brown as in T. Morong 1 and thus suggest N. opaca (but our speci- 
mens are monoecious!). These extreme characteristics appear to occur in random 
combination, and could permit designation of easily ten or more different forms ; 
but none of the combinations seem sufficiently constant to merit assignment to 
varietal status. Allen (1871: 9; 1880: 11) and Owen (1888: 74) have reported 
those forms in which fertile whorls are somewhat reduced as var. subcapitata 
(Hartm.) Groves (= var. nidifica Groves, H. & J.), and Allen (1880: pl. 5) as- 
signed forms with extremely shortened branchlets and stout internodes to var. 
crassa Braun and to form superne brachyphylla (in herb. NY). 

N. flexilis is easily distinguished in the field, as it is the sole species in our local 
flora in which the branchlets are only once divided. However, occasional sterile 
branchlets may not be furcate, and inspection of the fertile whorls may be necessary 
to demonstrate this feature. 


Illustrations: Allen (1892: pl. 6, 6a, 6b); Groves & Bullock-Webster (1920: pl. 8); 
Migula (1897: 133; 1925: 214, fig. 4, 5); Woods (1894: pl. 26). 

Exsiccatae: Phyc. Boreali-Amer., No. 1435, 1691; Char. Amer. Exsicc., No. 28, 29, 30. 

Localities: Care Cop: Weeks Pond—R. D. Wood 2016, July 26, 1947 (RDW); Curtty- 
HUNK: Clubhouse Pond—R. D. Wood 2030, July 31, 1947 (RDW, NY); Sheep Pond—W. R. 
Taylor, June 28, 1932 (17085 WRT, NY); Sheep Spring—lWV. R. Taylor, June 27, 1933 
(16981, 17010 WRT); July 3, 1934 (16769 WRT); Marrna’s VineyaArp: Chilmark Pond— 
R. D. Wood 2014, July 20, 1947 (RDW, NY); Tiasquam Dam—R. D. ‘Wood 2013, July 20, 
1947 (RDW); Nantucket: Cato’s Pond—T7. Morong 3, July 22, 1887 (NY); New Lane 
Pond, pond west of New Lane and S. of Grove Lane—Grace Wyatt, Sept. 4, 1947 (RDW); 
Polpis—Mary Owen 3, July, 1879 (NY), as var. subcapitata; R. R. Track Pond, pool E. of 
town [Nantucket] near R. R. tracks—T. Morong 1, July 16, 1887 (NY); Sesachacha, drainage 
ditch S.W. of pond—Grace Wyatt, Aug. 12, 1947 (RDW); Weweeder Pond—7. Morong 2b, 
Jtily 16, 1887 (NY); July 15, 1887 (NY); Nonamesser: South Pond—Hannah Croasdale 55, 
June 15, 1935 (MBL, preserved; 2012 RDW); Pasgue: West End Pond—W. R. Taylor, 
July 2, 1941 (20840 WRT, FH); ? Pond, west end of island—IV. R. Taylor, July 3, 1940 
(19691 WRT). 


2. Nitella megacarpa Allen, Characeae Americanae Exsiccatae, No. 3. 1880. 


Nitella microcarpa subsp. megacarpa (Allen) Nordstedt apud Braun, Frag- 
mente einer Monographie der Characeen, p. 73. 1882. 
References for the region: N. mucronata: Owen (1888: 74 [pl. not seen] ); var. 
gracillima Groves & B.-W.: Croasdale (1935: 94). 


(Plate II, Fig. 3; Plate III, Fig. 4) 


Plant monoecious, 25 cm. high, robust, bright green. Branchlets (4—) 5-6 (-7) 
in a whorl, up to 3.5 cm. long, spreading widely ; whorls at apex of main axes partly 
convergent and forming a rather broad, terminal clump; branchlets bear gametangia 
throughout the season, 3-4 times furcate into 5 secondary rays, 2-3 tertiary rays, 
2-3 quaternary rays, and occasionally 2-4 quinary rays. Dactyls 2-3, 2-3 (oc- 
casionally 4—-more) -celled; ultimate cell a conical mucro 37-74 u long; basal cell 
100-500 p» long ; intermediate cells (when present) generally one or two subcylindri- 
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cal cells a little longer than broad. Gametangia borne on branchlets of all whorls, 
present throughout the season, solitary to aggregated, not enveloped in mucus. 
Oogonia about 710 » long by 510, broad, 1-2 (-3 or more) at a. branchlet node; 
coronula about 25 » long by 36 « broad; convolutions 9. Oospores about 420 » long 
by 370 « broad, yellow when immature, darkening to deep brown on maturity, often 
nearly spherical; striae 5-6; membrane strongly reticulate; reticulae 2.2-3.6 » in 
diameter, subquadradic, 9-11 across a fossa. Antheridia 265-445 » in diameter. 
(Descr. from R. D. Wood 2060 (RDW).) 

This large, bright Nitella is by far the most beautiful species in the region, and 
one which cannot be confused once it has been seen in the field. In size, the plants 
vary up to nearly 40 cm. high. 

Nordstedt (1882) and Zaneveld (1940) included N. megacarpa within the 
limits of N. microcarpa Braun. Our form certainly is very similar in most funda- 
mental respects to this species, and is doubtlessly very close phylogenetically. The 
local form differs in being a much larger plant with much larger gametangia. The 
greater general size suggests polyploidy from N. microcarpa. If this proves to 
be the case, the erection of a distinct species is almost required. Furthermore, the 
writer has seen no specimens which exhibit complete serial intergradation between 
the two forms. Therefore, until intergrades are seen, or until cytological investiga- 
tions are completed, the writer prefers to consider N. megacarpa Allen a distinct 
species in agreement with G. O. Allen (corresp., 1948). 

A characteristic feature of this plant is the manner in which the main axis is easily 
separated at the nodes. As a result, specimens are commonly collected, especially 
with plant hooks, which consist of only the terminal clump of whorls of branchlets. 
These fragments do not give the impression of massiveness characteristic of the 
plant. 

Illustrations: No habit sketches of this species have been published previously. 

Exsiccatae: Phyc. Boreali-Amer., Fasc. 32, No. 1588, Fasc. E, No. C//; Char. Amer. 


Exsicc., No. 3. 
Localities: Care Cop: Ashumet Pond—/. F. Lewis, Sept. 4, 1926 (WRT); Leech Pond— 


C. W. Palmer, July 27, 1936 (17199 WRT); Summerfield Pond, South—C. C. Jao, Sept. 4, 
1933 (16771 WRT); Weeks Pond—Hannah Croasdale, July 28, 1947 (2019 RDW, MBL, 
MSD, ETM); R. D. Wood 2031, Aug. 1, 1947 (RDW), 2060, Sept. 6, 1947 (RDW); Wood 
Pond—W. R. Taylor, July 2, 1921 (3668 WRT). 


3. Nitella Morongii Allen, Bull. Torrey Bot. Club 14: 214. 1887; emend. 
Wood, Rhodora 51 (602): 16. 1949. 
Nitella maxceana Allen, spec. dub., Char. Amer. 2(3): 27. 1896. 
References for the region: N. batrachosperma: Owen (1888: 74) ; N. gracilis: Hal- 
sted (1879: 176), Croasdale (1935: 95); f. brachyphylia: Collins in Phyc. 
Boreali-Amer., No. 1195; N. maxceana: Allen, l.c.; N. Morongii: Owen, I.c., 
Allen, /.c., Wood, I.c. 


(Plate II, Fig. 2; Plate III, Fig. 2) 


Plant monoecious, 14 cm. high, delicate, and with characteristic heads. Branch- 
lets of two types, including: (1) the normally expanded sterile or lightly fertile 
branchlets, and (2) the greatly reduced fertile branchlets. Sterile branchlets 2-5 
in a whorl, 15-26 mm. long, 1-2 times furcate into 3-5 secondary rays, 2-3 terti- 
ary rays. Dactyls of sterile branchlets 2-3, 2-celled, the ultimate cell a conical mucro 
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which is early deciduous. Fertile branchlets 6-7 in a whorl, twice furcate, greatly 
reduced, 1-3 mm. long ; 3-5 such reduced whorls borne on a reduced branch, the en- 
tire complex resembling’a dense head ; heads apparently axillary in sterile whorls or 
terminal, enveloped in mucus. Dactyls of fertile branchlets 2 (-3), 2-celled, one 
commonly shorter than the other, terminated by an elongated mucro. Gametangia 
solitary, an oogonium and an antheridium at all fertile branchlet nodes, enveloped in 
a weak mucus.* Oogonia 290-386 » long by 210-288 » broad ; coronula 35 x 35 yu. 
Oospores 238-268 p long by 180-210 » broad; striae of 5 prominent ridges; mem- 
brane roughened with anastomosing lines, almost appearing very finely reticulate. 
Antheridia somewhat flattened longitudinally, 134-148 «1 long by 174-179 » broad, 
short stipitate. (Descr. from E. Moul 3173 (RDW).) 

Specimens which have been collected since 1888 are quite consistently of a dif- 
fuse form as in E. Moul 3173, described above. A compact form as in the TyPE 
CottectTion T. Morong, July 21, 1887, has very short branchlet rays, more fertile 
whorls at a fertile branch, and early deciduous sterile branchlets. This modifica- 
tion is thought to be the result of extreme ecological conditions exerted by constant 
trampling by the feet of animals and the muddy water (cf. Wood, 1949). In size, 
some plants reach 20 cm. high. 


Illustrations: Allen (1894: pl. 16), excellent for the original material, but not as emended. 

Exsiccatae: Phyc. Boreali-Amer., No. 1195 as N. gracilis, 1382. 

Localities: Care Cop; Golf Pond—G. M. Gray, July, 1931 (17006 WRT); W. R. Taylor, 
July 6, 1917 (2293 WRT); Hannah Croasdale, June 24, 1935 (17078 WRT, NY, 950899 F, 
RDW); Harper Pond—E. T. Moul 3173, July 7, 1947 (ETM, RDW, NY); Urda K. Wood, 
July 11, 1947 (2011 RDW, NY); Nobska Pond—W. A. Setchell and W. J. V. Osterhout 644, 
July 15, 1894 (MBL, FH, 315652 UC); W. A. Setchell, July 15, 1893 (P. B.-A. No. 1195, as 
N. gracilis, NY); ? Pond, Woods Hole—[Coll.?], 1883 (NY); Nantucket: Maxey’s Pond 
—T. Morong, July 7, 1887 (NY, Type of N. maxceana Allen) ; Siasconset, small pond south 
side of old Sconset Road, opposite “Bloomingdale’—L. L. Dame, July, 1886 (NY, in one P. B.-A. 
packet No. 1382); in a very muddy pool on the roadside near Siasconset—7. Morong 4, July 
21, 1887 (FH, NY, Type coLt_ection); in a small pool near Siasconset—F. S. Collins, Aug. 
23, 1896 (P. B.-A. No. 1382, NY, BRU); NausHon: Petchett (or Peckett [?]) Pond— 
Hannah Croasdale, July 5, 1946 (MBL, preserved). 


4. Nitella transilis Allen, Char. Amer. 2(3):24. 1896. 
References for the region: none known. 


8 Allen (1888) in his synopsis enters N. Morongii Allen under “heads not enveloped in 
mucus,” but this point is reported with some question later (Allen, 1894: 15). 








Pirate III 


All figures have been drawn with the aid of a camera lucida from specimens preserved in 
2-3 per cent formalin. The indicated specimens are extant in the writer’s herbarium. 

Ficure 1. Nitella flexilis (L. pro parte) C. Agardh. 1-A, tip of terminal branchlet cell, 
x 35. 1-B, dactyls, x 14. 1-C, fertile branchlet node, one antheridium and two oogonia, X 14. 
1-D, oogonium, X< 35. (2013.) 

Ficure 2. Nitella Morongii Allen emend. Wood. 2-A, tip of dactyl with terminal mucro, 
x 35. 2-B, dactyls, x 14. 2-C, fertile branchlet, x 14. 2-D, oogonium, x 35. (Urda K. 
Wood 2009.) 

Figure 3. Nitella transilis Allen. 3-A, tip of dactyl with terminal mucro, < 35. 3-B, 
dactyls, X 14. 3-C, axial node and part of one branchlet, X 14. 3-D, oogonium, < 35. (A and 
B from 2015; C and D from 2059.) 

Figure 4. Nitella megacarpa Allen. 4-A, tips of dactyls showing variations in form of 
mucros, X 35. 4-B, dactyls, x 14. 4-C, fertile branchlet (a very small specimen), X 14. 
4-D, oogonium, X< 35. (2019.) 
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( Plate II, Fig. 4; Plate III, Fig. 3) 


Plant monoecious, 12 cm. high, very fine and delicate. Branchlets 6-7 in a 
whorl! (branches occasionally two at a node), 3-4 times furcate into 6 secondary rays, 
5 tertiary rays, and 4 (—5) quaternary rays; quinary rays when present 2-3; 
branchlets usually exceeding the axial internodes in length, primary rays about % 
the total length of the branchlet. Dactyls 2-3 (-5), 2-celled. Gametangia solitary, 
an antheridium and an oogonium borne on the second and third, rarely at the first, 
branchlet nodes, enveloped in mucus. Oogonia about 309 » long by 240 » broad; 
convolutions 7-8. Oospores about 276» long by 170» broad; striae of 6 ridges; 
membrane strongly reticulate, reticulae 10-12 across the fossae. Antheridia about 
178 » in diameter, stipitate on stalks about 37-59 » long; markings on shield ex- 
tending about half way to base of manubrium, irregular. (Descr. from R. D. Wood 
2015 (RDW).) 

The local form of this species is very constant, and apparently does not ex- 
hibit modifications found in other parts of eastern North America. In size it reaches 
16 cm. in height. Some specimens might be confused with N. Morongii because of 
the size and occurrence of mucus. 

Whether JN. transilis Allen is sufficiently distinct to be separated from N. 
tenuissima (Desv.) Kiitz. has been discussed (corresp., 1946-1948) with G. O. 
Allen. The European N. tenuissima f. gracilior (L. Chevallier, Aug. Sept. 1893. 
Gallia occidentalis: In stagnis circa “Bazouges” (7185 WRT)) approaches N. 
transilis rather closely. Other intergrades of European N. tenuissima exhibit 
diffuse branching resembling N. transilis. Further significant information is ac- 
cumulating in the writer’s herbarium in the form of a series of intergrades from 
various stations in New England. It seems probable that our specimens may well 
be included under N. tenuissima. At present, the characters which seem sufficient to 
retain it as a separate species from N. tenuissima include: (1) the very regular dif- 
fuse whorls, (2) the branchlets exceed the internodes in length, (3) the rather 
frequent occurrence of gametangia at the first branchlet node, and (4) the stipitate 
antheridia. 


Illustrations: Allen (1896: pl. 23). 

Exsiccatae: Char. Amer. Exsicc., No. 31, sub. nom. N. tenuissima f{. longifolia elongata. 

Localities: Carpe Cop: Ashumet Pond—M. S. Doty & L. Spiegel 7470, Aug. 17, 1948 
(MSD, RDW); John Pond, Mashpee—G. W. Prescott 5, Aug. 30, 1937 (17973 WRT); 
Weeks Pond—Hannah Croasdale, July 14, 1946 (6615 MSD), July 28, 1947 (2021 RDW, 
ETM, MBL, MSD, NY); R. D. Wood 2015, July 26, 1947 (RDW, NY); R. D. Wood 2059, 
Sept. 6, 1947 (RDW, mature). 


Genus Chara 


Branches formed occasionally at nodes. Branchlets not furcate, divided by 
nodes and internodes into a continuous series of articulations; the terminal two or 
more articulations may lack nodes, and be merely separated by cell walls. Spine- 
like processes (bracts, P|. IV, Fig. 4-C) arise from peripheral cells of the branch- 
let nodes, and form a more or less distinct whorl at sterile and fertile nodes. 
Branchlet articulations corticated, partly corticated, or uncorticated. Main axes 
corticated or uncorticated (ecorticate, Pl. I, Fig. 3-A, 4-A). Cortication varies 
from triplostichous (P\. I, Fig. 3-D, 4-D) in which the secondary cortical cells 
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are nearly equal in length to the primary cortical cells, thus forming two series of 
cells between each primary cortical series (and three times as many cortical filaments 
as branchlets at an adjacent node) ; to diplostichous (P\. 1, Fig. 3-C, 4-C) in which 
the secondary cortical cells are about half the length of the primary cortical cells 
so that the secondary cells from adjacent primary cortical cells series lie end to 
end forming one continuous series of cells between each primary cortical series (and 
thus twice as many cortical filaments as branchlets at an adjacent node); to 
haplostichous (P\. 1, Fig. 3-B, 4-B) in which the secondary cortical cells do not 
become enlarged, thus only the primary cortical cells are apparent in the cortication 
(and thus the same number of cortical filaments as branchlets at an adjacent node). 
The details of cortication are best seen by inspecting the cortication of very young 
axial internodes (fide G. O. Allen, corresp., 1948) before they become unduly elon- 
gated. One series of stipulodes (haplostephanous, P|. I, Fig. 3-A) or two series 
(diplostephanous, P\. I, Fig. 3-C) may develop from axial nodal peripheral cells and 
subtend the branchlets. Cortical nodal cells divide longitudinally into an inner and 
outer cell. The outer cell may merely swell into a papillus or spine, or may cut off 
several elongated processes (spines) in groups of 2-5 (fascicled, Pl. IV, Fig. 2-B). 
Gametangia borne primarily at the branchlet nodes; in monoecious species the an- 
theridium is generally directly below the oogonium (conjoined), or isolated at a 
separate node (sejoimed); in dioecious species borne on separate plants. An- 
theridia arise from peripheral nodal cells of branchlet nodes. Oogonia (in con- 
joined monoecious species) arise from laterals of antheridial stalk, on the abaxial 
side; spine-like processes (bracteoles, Pl. I, Fig. 2-C) which develop from cells 
of the antheridial lateral appear to subtend the oogonium. These may closely re- 
semble the bracts. Starch bulbils regularly formed on rhizoids of certain species. 
Oospores terete, not laterally compressed. 


5. Chara Braunii Gmelin, Fl. Badensis Alsatica 4: 646. 1826. 
Chara coronata Ziz. (ined., c. annum 1814); Braun, Ann. Sci. Nat., ser. II, 1; 
353. 1834. 
References for the region: C. coronata; Owen (1888: 75) ; var. Schweinitzii: Hal- 
sted (1879: 181) ; Owen, L.c. 


(Plate II, Fig. 7; Plate IV, Fig. 1) 


Plant monoecious, totally ecorticate, 20 cm. high. Branchlets 8-9 in a whorl, 
widely spreading to closely convergent; articulations of branchlets (3-) 4 (-5), 
first and second nodes generally fertile; bracts 300-455 » long to greatly reduced; 
terminal internodal cell occasionally somewhat inflated, terminated by a crown of 
3 mucro-like cells, each 150-274 long. Stipulodes in one series (haplosteph- 
anous), 730-1035 » long, alternating with the branchlets, spreading. Gametangia 
at first and second branchlet nodes, fundamentally conjoined, but antheridia fre- 
quently early deciduous ; occasionally the sex organs geminate (2.oogonia and an- 
theridia at a node). Oogonia 660-960 » long by 384-490 » broad; coronula about 
150 long by 90» broad, the cells with short, divergent tips; convolutions 10; 
bracts about equal in length to the oogonia. Oospores 470-590 » long. by 259-340 u 
broad, black ; striae 8-10; membrane smooth and nearly opaque. Antheridia 268- 
282 » in diameter. (Descr. from Hannah Croasdale (2008 RDW) ; details of the 
gametangia from Urda K. Wood, July 16, 1947.) 
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Variations among the local forms result from differences in development of 
vegetative structures. In size, some plants reach 35 cm. in height. The general 
plant structure varies from diffuse, attenuate forms, as in Hannah Croasdale (2020 
RDW), typical of relatively deep, quiet water to short, compact forms as in R. D. 
Wood 2033, characteristic of shallow littoral habitats. The bracteoles vary from 
shorter than mature oogonia in R. D. Wood 2005 to 1% to 2 times as long in 
Hannah Croasdale (2020 RDW). The crown of end cells terminal on branchlets 
varies in length from equal to the diameter of the branchlet in R. D. Wood 2005 to 
less than half the diameter in R. D. Wood 2029. The relative lengths of the 
branchlet articulations vary from those in which the basal internode is about half 
the length of the others in R. D. Wood 2005, to those in which this articulation is 
extremely short in (Coll.?, Aug.), to those in which the terminal articulation is 
shortened and sometimes swollen in B. F. D. Runk 457. The elongation of the 
bracts at the primary branchlet nodes varies from about equal to other bracts in 
R. D. Wood 2033 to those in which these bracts are twice the length of the bracts 
of other nodes in B. F. D. Runk 457. The stipulodes vary greatly in length on the 
same specimen, but are characteristically short in Hannah Croasdale (2008 RDW) 
and long in B. F. D. Runk 457. The apparent general trend is for plants growing 
in shallow littoral zones to be tufted, form tightly connivent whorls, have shortened 
branchlet articulations and elongated bracts and. stipulodes. Plants of deep, quiet 
water tend to be diffuse, have elongated branchlet articulations and reduced bracts, 
bracteoles, and stipulodes. These appear to be ecological variants, and range from 
what has been considered var. Schweinitzii Braun, in which bracteoles exceed ma- 
ture oogonia in length, to var. Braunii (Braun) Zanev., in which bracteoles are 
equal to or shorter than mature oogonia. Odospores vary in length from 450-600 » 
and thus are intermediate between the limits of var. Schweinitzi (550-650 ») and 
var. Braunii (420-550) as delimited by Zaneveld (1940: 139). It is thus con- 
cluded again (cf. Wood, 1947: 250; Allen, 1882b) that attempts to differentiate 
varieties of this species collected from various localities of North America are im- 
possible in view of the facts. The writer has made a practice of annotating ex- 
treme specimens as approaching either the one variety or the other, but emphasizes 
that this is but a convenient manner of indicating differences in expression of the 


Piate IV 

All figures have been drawn with the aid of a camera lucida from specimens preserved in 
2-3 per cent formalin. The indicated specimens are extant in the writer’s herbarium. X 14. 

Ficure 1. Chara Braunii Gm. 1-A, terminal cells of branchlet. 1-B, axial node showing 
stipulodes at base of branchlets and lack of cortication. 1-C, oogonium. 1-D, oogonium sub- 
tended by antheridium. 1-E, bracts at sterile branchlet node. (Hannah Croasdale (2008 
RDW).) 

Ficure 2. Chara canescens Lois. 2-A, terminal cells of branchlet. 2-B, axial node show- 
ing two rows of stipulodes, spines in fascicles, and haplostichous cortication. 2-C, bracts of 
sterile branchlet node. 2-D, oogonium at fertile branchlet node. 2-E, axial cortication. (2004.) 

Ficure 3. Chara delicatula C. Agardh. 3-A, terminal cells of branchlet. 3-B, axial 
node showing one row of stipulodes and diplostichous tylacanthous cortication. 3-C, fertile 
branchlet node with oogonium and antheridium. 3-D, fertile branchlét node with an oogonium. 
3-E, axial cortication. (2002.) 

Ficure 4. Chara delicatula C. Agardh var. barbata Groves & B.-W., prox. 4-A, ter- 
minal cells of branchlet showing elongated penultimate cell. 4-B, axial node showing well- 
developed two rows of stipulodes, and nearly isodiametric primary and secondary cortical cells. 
4-C, bracts at sterile branchlet nodes. 4-D, axial cortication. (2024.) 
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vegetative characteristics. One peculiar specimen was found (Coll.?, Aug.), which 
had a definite glomerate appearance. This resulted from the development of a 
somewhat reduced branch at each node, combined with elongation of bracts and 
stipulodes, and typical compactness of shallow-water forms. No further collections 
of this form have been seen; and, until other specimens have been reported, it will 
be considered an anomaly. 

This species is the favorite local Charad for physiological investigation, and in- 
vestigators commonly mistake the plants for a Nitella. There should be no con- 
fusion once it is recognized that this species is an ecorticate Chara, and that it is 
the only local species of Characeae which is ecorticate, has stipulodes at the base 
of the branchlets, and in which the branchlets are not divided. The latter two 
characters easily distinguish the species in the field. 


Illustrations: Allen (1882b); Groves & Bullock-Webster (1924: pl. 26); Woods (1894: 
pl. 30) ; Migula (1897: 324; 1925: 226, fig. 1, 2). 

Exsiccatae: Phyc. Boreali-Amer., No. 822; 1383 as C. Schweinitsii; Amer. Alg., No. 256, 
529; Char. Amer. Exsicc., No. 8, 12, 13, 14. 

Localities: Carpe Cop: Chara Haven—R. D. Wood 2005, July 7, 1947 (RDW, ETM); 
Chara Pond—B. F. D. Runk 406, June 20, 1941 (1099774 F, RDW); Desmid Haven—E. T. 
Moul, July 11, 1945 (ETM); Harper Pond—J. J. Copeland, July, 1928 (13800 WRT); Ice 
House Pond—M. S. Doty, July 10, 1946 (6624 MSD); Little Pond—R. D. Wood 2033, Aug. 
1, 1947 (RDW, NY); Nobska Pond—W. G. Farlow, Sept. 15, 1876 (FH); Oyster Pond— 
Urda K. Wood, Juiy 16, 1947 (RDW, preserved); Salt Pond—R. D. Wood 2034, July 30, 
1947 (RDW); “Sandwich Pond,” pond on W. side of road, route No. 6, E. of Sandwich— 
R. D. Wood & Urda K. Wood (2007 RDW); Weeks Pond—Hannah Croasdale, July 14, 1946 
(6613 MSD), July 28, 1947 (2020 RDW); R. D. Wood 2017, July 26, 1947 (RDW) ; Currty- 
HUNK: Gosnold Pond—W. R. Taylor, July 6, 1921 (3670 WRT); Sheep Pond—/. F. Lewis 
(MBL); W. R. Taylor, July 9, 1925 (10173 WRT, MICH); R. D. Wood 2027 (RDW) and 
2029 (RDW, NY), July 31, 1947; Nantucket: Long Pond—W. H. Sheldon, Aug. 7, 1934 
(MMA); Sesachacha Pond—{[coll.?], Aug. (NY); Weweeder Pond—[7T. Morong] 2a, July 
15, 1887 (NY); Nausnon: French Watering Place—W. R. Taylor, July 12, 1921 (3669 
WRT) ; July 13, 1922 (7585 WRT); Pasque: West End Pond—B. F. D. Runk 457, July 1, 
1941 (1099770 F, RDW); ? Pond, small pool—2nd or 3d pool south of West End Pond— 
W.. R. Taylor, July 2, 1941 (FH, 20841 WRT); ? Pond, smaller pond near the southwest 
end of island-—-Hannah Croasdale, July 6, 1933 (16982 WRT); Penixese: Typha Pond— 
Hannah Croasdale, July 6, 1947 (2008 RDW, MBL, MSD). 


6. Chara canescens Desvaux et Lois. apud Loiseleur-Deslongchamps,* Not. FI. 
France, p. 139. 1910. 
Chara crinita Wallr., Annus Bot., p. 190. 1815. 
Chara crinita var. americana Allen, Char. Amer., Part 2, plate 2. 1879. 
References for the region: Chara crinita: Owen (1888: 75) ; f. leptosperma: Allen 
(1880: 5; 1882a: 41) ; Owen, Lc. ; C. canescens: Croasdale (1935: 95). 


(Plate II, Fig. 6; Plate IV, Fig. 2) 


Plant dioecious, 12 cm. high, densely hirsute. Main axes haplostichous, cortical 
nodes bearing spines solitary to fascicles of 2-5, one secondary cortical cell commonly 
apparent at cortical nodes and extending 4% to 14 the way to the next node (some- 


* Loiseleur-Deslongchamps has consistently been given the credit for this species. In a 
footnote (p. 135), he stated that Desvaux had recognized several new species in the genus 
Chara and desired that they be published for him pending a more extensive comparative ex- 
amination of the species. The present species, however, was entitled “Chara canescens. N.”; 
and since “N.” indicates nobis (by us), both men are necessarily recognized in the author 
citation. 
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times greatly developed so as to give a nearly diplostichous appearance). Branch- 
lets 6-8 in a whorl, articulations 4—6, corticated except for terminal 1-2 cells, ter- 
minal cell rounded at tip; bracts varying widely in length, blunt. Stipulodes, 
diplostephanous (in 2 series), 2 pairs at each branchlet, upper series 297-447 » 
long, generally exceeding the lower series in length, blunt. Gametangia borne on 
separate plants, i.e., dioecious. Oogonia about 890» long by 442, broad, borne 
regularly at first branchlet node, occasionally at second and third; convolutions 10; 
coronula short and broad, truncate, 86» tall by 147» broad; bracteoles blunt to 
acute, about equal to oogonia in length. Oospores about 590, long by 3184 
broad, black; striae about 10; membrane opaque. Antheridia, none seen on local 
specimens. (Descr. from R. D. Wood 2004 (RDW).) 

Little variation is exhibited among the local specimens collected. In size, some 
plants reach 20 cm. in height. The spines on the axes vary from very abundant and 
nearly twice as long as the diameter of the axis in T. F. Allen, Aug. 30, 1895, to 
rather sparse and shorter than the diameter of the axis in R. D. Wood 2004. Brac- 
teoles vary from about equal in length to the mature oogonia in R. D. Wood 2004, 
to one to two times the length in F. S. Collins, July 25, 1882. The differences in 
expression of length of stipulodes, bracts, and spines appear to be more directly cor- 
related with local physiochemical factors, particularly salinity, rather than depth as 
in C. Brauni. This follows logically since most local specimens of C. canescens 
have been found growing in water less than one foot deep. All the local specimens 
seen exhibited the angular oospores which characterize the form leptosperma 
Braun (1834: 356) as described by Allen (1882a: 41, pl. XVIII), but the present 
writer prefers to temporarily ignore forms as nomenclatural entities. 

This species is highly characteristic in its very spinous appearance of the main 
axes. It is restricted to brackish-water ponds. Salinity determinations by means 
of silver nitrate titrations on fresh samples of water from various habitats during 
July and August, 1947, showed extremes of 4+ to 22 0/oo NaCl, with the optimum 
vegetative development at about 10 0/oo NaCl. 

Although no antheridia were discovered on local specimens, a very similar 
monoecious species, apparently C. evoluta Allen, was found in 1948 by Dr. V. L. 
Cheadle and Dr. E. A. Palmatier in Little Compton, Rhode Island, just across the 
state line of Massachusetts, 


Illustrations: Allen (1879: pl. 2; 1880: pl. 2) ; Migula (1897: 352, 353; 1925: 226, fig. 6) ; 
Groves & Bullock-Webster (1924: pl. 27). 

Exsiccatae: Phyc. Boreali-Amer., No. 823 as C. crinita. 

Localities: Cape Cop: Chara Pond—J. M. Fogg, Jr., June 29, 1925 (MBL, 10240 WRT); 
W. R. Taylor, July 30, 1937 (17937 WRT, NY, FH); H. T. Croasdale, July 14, 1946 (6612 
MSD); R. D. Wood 2004, June 28, 1947 (RDW, MBL, MSD, ETM); Little Pond—F. S. 
Collins, July 25, 1882 (19776 WRT, RDW, NY, 132461 UC; dupl. herb. T. F. Allen, as C. 
crinita); W. A. Setchell and W. J. V. Osterhout, Aug. 17, 1895 (MBL); F. S. Collins, July, 
1886 (Y); July 25, 1882 (NY, 132461 UC, RDW); Salt Pond—Urda K. Wood, June 28, 
1947 (2003 RDW); R. D. Wood 2023, July 30, 1947 (RDW, NY); ? Pond, Woods Hole— 
J.J. Copeland (16772 WRT) ; Nantucket: Coskata Pond—T. Morong 5, July 15, 1887 (NY); 
W. H. Sheldon, Aug. 6, 1931 (MMA) ; [coll.?], Aug. 21, 1896 (MMA); Polpis—Maria Owen, 
July, 1879 (NY); Sesachacha Pond—Dame, Jenks and Swan, July 14, 1880 (NY); F. S. 
Collins, July, 1886 (Y, NY, 7929 WRT, 823 P. B.-A, as C. crinita f. leptosperma); L. L. 
Dame, Aug. 1886 (NY); E. P. Bicknell 11633, Sept. 16, 1899 (NY); Wawinet—T. F. Allen, 
Aug. 30, 1895 (132435 UC, NY, 19782 WRT, RDW;; dupl. herb. T. F. Allen, as C. crinita 
Wallr., det. T. F. Allen) ; ? Pond—L. L. Dame, Aug., 1880 (NY); July 11, 1886 (NY). 
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7. Chara delicatula C. A. Agardh, Syst. Alg., p. 130. 1824. (nom. illeg.) * 
(Non) Chara delicatula Desvaux ex Lois., Not. Fl. France, p. 137. 1810 
(= C. aspera (Dethard.) Willdenow, fide Migula (1897: 654)). 
Chara fragilis var. delicatula von Leonhardi, Verhandl. Naturf. Vereins Briinn 
2: 209. 1864. 
Chara verrucosa Itzigsohn, Bot. Zeit. 8: 338. 1850, fide Robinson (1906: 280). 
References for the region : Chara fragilis: Croasdale (1935: 96 [pl. not seen] ) ; var. 
delicatula: Owen (1888: 75) ; C. delicatula: Croasdale (1935 : 96). 


(Plate II, Fig. 5; Plate IV, Fig. 3, 4) 


Plant monoecious, 10 cm. high; slightly incrusted with lime ; starch bulbils abun- 
dant on rhizoids. Main axes regularly triplostichous, secondary cortical cells gen- 
erally somewhat smaller in diameter than the primary cells; spines at cortical nodes 
reduced to mere papillae. Branchiets 8 in a whorl, articulations 7-10, corticated 
except for terminal 1-2 cells; bracts at sterile nodes inconspicuous. Stipulodes 
apparently haplostephanous, reduced to mere papillae at some nodes. Gametangia 
conjoined at branchlet nodes, but frequently one or other sex appears to be lacking. 
Oogonia 850-1000 » long by 450-500 » broad; convolutions 12, very nearly per- 
pendicular to long axis of oogonium ; coronula elongate at maturity, 250-270 » tall, 
cells generally connivent. Oospores 460-500 » in diameter, black; striae 12-13; 
membrane opaque. Antheridia 410-455 » in diameter. (Descr. from R. D. Wood 
2032 (RDW).) 

Variations among the local forms are numerous, and result from differences in 
expression of the vegetative characteristics. In size, some plants reach 25 cm. in 
height. Other variations appear to be of two distinct orders: (1) a remarkably 
constant differentiation into forms with two well-developed series of stipulodes 
(diplostephanous) as in R. D. Wood & Urda K. Wood (2058 RDW) and forms 
with one well-developed series (haplostephanous) as in R. D. Wood 2032; and 
(2) less constant differences which appear in random combination. The haplo- 
stephanous form is the typical form as described by Groves and Bullock-Webster 
(1924: 65) ; whereas the diplostephanous form (PI. IV, Fig. 4) agrees closely with 
the deseription of var. barbata (Ganterer) Groves and Bullock-Webster (1924: 68, 
pl. 44, fig.9). The features subject to less constant variation are several. In gen- 
eral habit, the plants vary from very attenuate form in W.. R. Taylor (10171 WRT) 
to densely compact form in R. D. Wood 2000. The number of ecorticated terminal 
branchlet articulations varies from 3-6 in R. D. Wood 2002 to 1-2 in W. R. Taylor 
(10171 WRT). Generally, the penultimate cell of branchlet is not swollen, but it 
may be rather inflated as in R. D. Wood 2022 or very elongate as in R. D. Wood 
2002. The general trend in expression, as in C. Braunii, is toward more attenuate 


5 The problem of just what is the valid name for this species is one of long standing. The 
plant has become known as C. delicatula C. Ag., but this name is a later homonym of C. 
delicatula Desv. (= C. aspera, fide Braun; cf. Groves & Bullock-Webster, 1924: 51, 67). 
Robinson (1906: 280) decided upon C. verrucosa Itzigsohn (1850: 338), but it is not known 
if he saw the type specimen of that plant. There are at least three synonyms in the literature 
prior to 1850, including C. pilifera C. Ag. (1824: xxviii), C. virgata Kiitzing (1834: 56), and 
C. foliolata Hartman (1820: 378). The problem can be solved only by inspection of the type 
specimens, a task most easily accomplished by students in the countries in which the critical 
specimens are to be found. 
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plants with longer branchlet articulations, shorter bracts, bracteoles, and stipulodes 
in quiet, deeper water ; and compact, tufted, frequently bulbiliferous (with abundant 
starch bulbils on rhizoids) plants with longer bracts, bracteoles, and stipulodes in 
shallow littoral. , 
This species varies widely, and approaches C. globularis Thuill.(= C. fragilis 
Desv.) very closely. At one extreme, it is almost identical in vegetative characters 
to C. aspera. Croasdale’s (1935) record of C. fragilis for Falmouth Heights was 
probably C. delicatula. 
Illustrations: Typical form—Groves, H. & J. (1880: pl. 207, fig. la); Migula (1897: 


753; 1925: 242, fig. 7); Groves & Bullock-Webster (1924: pl. 44, figs. 1-8). Var. barbata— 


Groves & Bullock-Webster (1924: pl. 44, fig. 9). F 
Exsiccatae: Phyc. Boreali-Amer., No. 1199 as C. fragilis subsp. delicatula; Char. Amer. 


Exsicc., No. 22. 


Localities: Cape Cop: Chara Haven—R. D. Wood 2010, July 7, 1947 (RDW, NY); 
R. D. Wood & Urda K. Wood, Sept. 6, 1947 (2058 RDW); Chara Pond—M. S. Doty, June 
28, 1947 (2001 RDW, MBL, MSD, ETM); R. D. Wood 2002, June 28, 1947 (RDW, NY); 
Little Pond, Falmouth Heights—R. D. Wood 2006, July 7, 1947 (RDW, NY), 2032, Aug. 1, 
1947 (RDW); Oyster Pond Annex [?], S.E. of Oyster Pond—W. R. Taylor, July 4, 1925 
(10172 WRT, MICH); Salt Pond—W. R. Taylor, July 15, 1917 (2294 WRT); Hannah 
Croasdale, July 14, 1946 (6614 MSD); R. D. Wood 2000, June 28, 1947 (RDW, NY), 2018, 
July 26, 1947 (RDW), 2024, 2025 (NY, RDW), 2022, 2026, July 30, 1947 (RDW); Currty- 
HUNK: Gosnold Pond—W. R. Taylor, July 15, 1919 (2931 WRT) ; Sheep Pond—W. R. Taylor, 
July 9, 1925 (10171 WRT), June 28, 1932 (17012, 17083 WRT, NY), July 3, 1934 (16767, 
16766 WRT); R. D. Wood 2028, July 31, 1947 (RDW, NY), collected on inland edge of pond, 
2029, July 31, 1947 (RDW, NY) collected on seaward edge of pond; NANTUCKET: Sesachacha 
Pond—L. L. Dame, July, 1886 (NY); F. S. Collins, July, 1886 (NY); Nausnon: French 
Watering Place—W. R. Taylor, July 6, 1920 (3105 WRT). 


8. Chara aspera Willd., Ges. Naturf. Fr. Berlin 3: 298. 1809. 


The writer has seen no herbarium specimens which are undisputably of this 
species for the region, and as such regards the local records as highly questionable. 
Of the specimens seen, the sterile condition rendered differentiation from C. delica- 
tula almost impossible, and recently collected fertile specimens have all proved to 
be C. delicatula Ag. However, during the summer of 1948, Dr. E. A. Palmatier 
and Dr. V. I. Cheadle collected excellent male and female specimens of C. aspera in 
Rhode Island just across the Massachusetts state line in Ashawonk’s Swamp, 
Little Compton. The chances are good that C. aspera should be found in our re- 
gion in brackish-water ponds. 

The best practical distinguishing feature between the American forms of these 
two species seems to be the fact that C. aspera is dioecious, whereas C. delicatula is 
monoecious. A generalized description of C. aspera is almost identical to C. deli- 
catula in vegetative parts. In C. aspera, the female plant has whorls of branchlets 
which are more spreading than the closely convergent branchlets of the male plants. 
Antheridia are borne at most of the nodes of fertile branchlets of male plants. 
Oogonia are borne at the first three (occasionally fourth) fertile nodes of female 
plants. G.O. Allen (corresp., 1948) stated that normally C. aspera has long spine- 
cells [spines] which are short in C. delicatula. The writer has studied the New 
England specimens, particularly those for Massachusetts and Rhode Island, and 
concludes that this is helpful but finds that in this region C. aspera may be practically 
devoid of spines; hence, this character of European plants does not appear to hold 
for our specimens. 
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Illustrations: Allen (1882b: pl. 21, fig. A, 1-3, 7); Migula (1897: 656, 657); Groves 
& Bullock-Webster (1924: pl. 39). 

Exsiccatae: Phyc. Boreali-Amer., No. 1196; Char. Amer. Exsicc., No. 26, 27. 

Localities: none known. 


Species ExcCLuDED FROM LocaL FLoRA 


Chara fragilis Desv. (= C. globularis Thuill.) ; from Chara Pond, Cape Cod, fide 
Croasdale (1935) = ? Chara delicatula Ag. (specimen not seen by author). 
Nitella batrachosperma (Reich.) Braun (= N. Nordstedtiana Groves, H. & J.) ;: 
from Nantucket, fide Owen (1888, determined by T. F. Allen) = N. Morongii 

Allen emend. Wood. 

Nitella gracilis (Sm.) C. Ag.; from Wood Pond, Golf Pond, Cape Cod, fide Croas- 
dale (1935), Nobska Pond, fide F. S. Collins (P. B.-A., No. 1195) =N. 
Morongi Allen emend. Wood. 

Nitella maxceana Allen, spec. dub.; from [Maxey’s Pond] Nantucket, fide T. F. 
Allen (1896) = N. Morongii Allen emend. Wood. 

Nitella mucronata (Braun) Miquel var. gracillima Groves & Bullock-Webster ; from 
Wood Pond, Cape Cod, fide Croasdale (1935) = N. megacarpa Allen. 


TABLE I 





Nitella | Nitella |. Nitena | Nitella | Chara 


flexilis ua Morongii| transilis |. Braunii 


—emenened ee — 





Cape Cod 
Ashumet Pond 
Chara Haven 
Chara Pond 
Desmid Haven 
Golf Pond 
Harper Pond 
Ice House Pond 
John Pond 
Leech Pond 
Little Pond 
Nobska Pond 
Oyster Pond 
Oyster Pond Annex 
Salt Pond 
Sandwich Pond 
Summerfield, South 
Weeks Pond 
Wood Pond (Gansett Pond) 
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ecocooococoorvweoeocooorxKrvocosco 
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Cuttyhunk 
Clubhouse Pond 
Gosnold Pond 


Sheep Pond 
Sheep Spring 


 ~TTOK 





Martha's Vineyard 
Chilmark Pond 
Tiasquam Dam 





Aw 
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TABLE I—Continued 


Nitelta | Nitella | Nitelia | Nitella | Chara | Chara | para 
flexilis po Morongii| transilis | Braunii | canescens’ 


catula 


Nantucket 
Cato’s Pond 
Coskata Pond 
Long Pond 
New Lane Pond 
Maxey’s Pond 
Polpis 
R. R. Track Pond 
Sesachacha Ditch 
Sesachacha Pond 
Siasconset Pond 
Wawinet Pond 
Weweeder Pond 


 wmocoxKuyVSKOCOOCN 
ecocooooooooceo 
eowoocooorocooo 
cocooocoooooece|co 
moowoooocorosc 
ovovwoovw)SscSeotreS 
eccoonmocoocece|ceo 


Naushon 
French Watering Place 
Petchett (Peckett) Pond 





Nonamesset 
South Pond 


Pasque 
West End Pond (Nitella Pond) 
? Pond, near West End Pond 
? Pond, smaller pond near S. W. 
end of island 
? Pond, near west end of island 


Penikese 
Typha Pond 





LOCALITIES FOR CHARACEAE IN Woops HoLe REGION 


In the above table, all localities are listed from which specimens of Characeae 
have been seen by the writer. The substantiating specimens are listed in the text 
under “localities” for each species. Because of the great effect of the hurricane of 
1938 on the coastal ponds of the region, the writer has chosen this date as the 
critical year. Specimens collected prior to 1938 are recorded as “P.” Specimens 
collected since 1938 are recorded as “X.” If no collections have been seen by the 
writer, this is recorded as “0.” 
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